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Abstract
The Fifth Generation (5G) of cellular communications will support a plethora of services, devices and
mobility patterns. The driving force behind 5G is the five core services considered in Fantastic-5G,
namely:






Mobile BroadBand (MBB)
Massive Machine Communications (MMC)
Mission Critical Communications (MCC)
Broadcast/Multicast Services (BMS)
Vehicle-to-vehicle and vehicle-to-infrastructure communications (V2X)

A substantial degree of innovation is required to accomplish a common air interface capable of
supporting the heterogeneous needs of these core services. To that end, we describe the intermediate
results and innovations obtained in Work Package 4 in three major areas: (i) “Context Information and
Radio Resource Management”; (ii) Advanced Connectivity Options; and (iii) Spectral Efficiency
boosters. The proposed features within these three areas form the projects’ network design proposal
for a multi-service capable air interface design.

Keywords
5G, Massive Access, protocols, interference coordination, radio resource management, device-todevice, context awareness, Enhanced MIMO, spectral efficiency.

FANTASTIC-5G

Public Deliverable 4.1.

Executive Summary
This deliverable presents technical solutions for the network design of the FANTASTIC-5G air
interface. This includes features covering aspects at different system layers within three focal
areas: (i) “Context Information and Radio Resource Management (RRM)”; (ii) Advanced
Connectivity Options; and (iii) Spectral Efficiency Enablers.
Within the “Context Information and RRM” area, the focus is on the investigation and proposal
of a robust air interface resource allocation framework and of service classification techniques to
aid in this resource allocation. The developed resource allocation framework tackles different
scheduling formats and user specific control channels, for sending the corresponding scheduling
grants, while capable of offering both orthogonal and non-orthogonal resource allocation. The
service classification techniques apply machine-learning techniques to identify, extract and
monitor the key QoS parameters of the different ongoing services. The output of these service
classification techniques, together with the QoS requirements requested by the higher network
layers for each user and respective service, serve as input to the resource management framework.
Within the “Advanced Connectivity Options” area, the focus goes beyond the traditional cellular
downlink and uplink unicast transmissions. Device-to-Device (D2D) communications
mechanisms that enable proximity discovery as well as communication mode selection are
proposed, including coverage extension (via D2D relaying) and network offloading (via localized
content caching). In order to facilitate Massive Machine Communications (MMC), new access
protocols capable of withstanding a large number of devices contending for network access are
developed, including coded random access and signature based access, one/two-stage random
access and fast uplink access protocols. Furthermore, physical layer techniques such as multi-user
detection using compressive sensing techniques, collision resolution and harness of interference
using physical layer network coding and non-orthogonal access with relaxed time-alignment are
studied.
For Broadcast/Multicast communications non-orthogonal transmissions are enabled via
beamforming and multilevel coding (incl. superposition coding) and spatial multiplexing.
Furthermore, the use of broadcast communications integrated with uplink acknowledgement
enables the retransmission to devices unable to decode the original broadcasted transmission.
Within the “Spectral Efficiency Enablers” area, system level integration of enhanced MIMO,
network based interference coordination and advanced multi-user detection techniques are
identified as key techniques. The enhanced massive MIMO schemes include a flexible 3D
beamforming framework with coordinated multi-point transmission (CoMP) and inter-cell
interference floor shaping. Various flavors of advanced multiuser detectors (e.g. with zero forcing
receivers) are furthermore studied. An expression of the capacity losses is derived for maximum
ratio transmission with hardware impairments under large antennas regime. Multiple promising
options for network-based inter-cell interference coordination are developed. The former include
on demand coordinated power-boosting and muting, coordinated small cell on/off, uplink pilot
sequence coordination, rank and interference-shaping via pre-coder coordination.
The presented 5G air interface technology components in this deliverable contribute to fulfilling
the requirements for the seven use cases considered in this project. Similarly, the presented
solutions offer valuable benefits for all of the considered five core services.
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Flexible Air iNTerfAce for Scalable service delivery wiThin wIreless
Communication networks of the 5th Generation

FS

Feasibility Study

GERAN

GSM/EDGE Radio Access Network

GP

GERAN Plenary

GSM

Global System for Mobile communications

GSMA

GSM Association

H2020

Horizon 2020

HARQ

Hybrid ARQ

HD

High Definition

HQ

HeadQuarters

IBLER

Individual Block Error Rate

ICT

Information and Communication Technologies

IDMA

Interleave Division Multiple Access

IMT

International Mobile Telecommunications

IoT

Internet of Things

IP

Internet Protocol

IR

Internal Report

ITRI

Industrial Technology Research Institute, Taiwan

ITS

Intelligent Transportation Systems

ITU

International Telecommunication Union

JNCC

Joint Network Channel Coding

JNCD

Joint Network Channel Decoding

JSDM

Joint Spatial Division and Multiplexing

KPI

Key Performance Indicator

LC

Low Complexity

LDPC

Low Density Parity Check

LTE

Long Term Evolution

LTE-A

LTE-Advanced

M2M

Machine-to-Machine

MAC

Medium Access Control

MBB

Mobile BroadBand

MBMS

Multimedia Broadcast/Multicast Services

MCC

Mission Critical Communications

MCL

Maximum Coupling Loss
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Mobile and wireless communications Enablers for the Twenty-twenty
Information Society

MLC

Multi-Level Coding

MIMO

Multiple-Input Multiple-Output

MMC

Massive Machine Communications

MNO

Mobile Network Operator

MTC

Machine Type Communications

NACK

Negative ACKnowledgement

NGMN

Next Generation Mobile Network

NOMA

Non-Orthogonal Multiple-Access

OFDM

Orthogonal Frequency-Division Multiplexing

OMA

Orthogonal Multiple-Access

P2M

Point-to-Multi-point

P2P

Person-to-Person or Point-to-Point

PHY

PHYsical layer

PPP

Public Private Partnership

PU

PUblic

QoE

Quality of Experience

QoS

Quality of Service

R

Radiocommunication Study Groups or Release or Report

R&D

Research and Development

RAN

Radio Access Network

RAT

Radio Access Technology

Rel

Release

RDMA

Radial space-Division Multiple Access

RP

RAN Plenary

RRM

Radio Resource Management

RX

Reception

SA

Services and System Aspects

SDF

Selective Decode-and-Forward

SCMA

Sparse Code Multiple Access

SFN

Single Frequency Network

SI

Study Item

SID

Service Integration Driver or Study Item Description

SINR

Signal-to-Interference+Noise Ratio

SMARTER

Study on New Services and Markets Technology Enablers
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SNR

Signal-to-Noise Ratio

SP

SA Plenary

TC

Test Case

TR

Technical Report

TS

Technical Specification

TSG

Technical Specification Group

TX

Transmission

UC

Use Case

UDN

Ultra-Dense Networks

UE

User Equipment

UL

UpLink

uMTC

Ultra-reliable and low-latency MTC

UoM

Units of Measurement

UP

User Plane

UPV

Universitat Politecnica de Valencia

V2D

Vehicular-to-Device

V2I

Vehicle-to-Infrastructure

V2P

Vehicle-to-Person

V2V

Vehicle-to-Vehicle

V2X

Vehicle-to-anything

VoIP

Voice over IP

VRU

Vulnerable Road User

WI

Work Item

WID

Work Item Description

WP

Work Package or Working Party
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1 Introduction
Work package four (network design) of the FANTASTIC-5G project focuses on the multiuser/multi-cell aspects such as design of the MAC, Radio Resource Management (RRM), support
for higher layer functionalities, as well as efficient cross-layer optimization and integration with
physical layer functionalities. This includes how to most efficiently control and use the
functionalities offered by the physical/link layer (developed in WP3).
In short, the main topics covered in WP4 can be summarized as follows:
 Integrate, at system level, multi-antenna concepts with/without cooperation, and
advanced multiuser detection.
 Develop a flexible MAC/RRM framework for supporting a variety of link and system
level requirements. Among others, RRM includes flexible and dynamic resource
allocation, link adaptation, power control, multi-cell/node connectivity and interference
coordination to accommodate different service mixes.
 Design a highly flexible and efficient random access scheme, comprising state-of-the-art
collision resolution techniques, offering possibilities to support scheduled and nonscheduled transmissions.
 Explore opportunities for service classification techniques (context awareness, service
identification and class formation) for improved performance.
 Flexible support for broadcast and multicast transmissions, including techniques such as
network coding.
 Device-to-Device (D2D) communications with varying levels of assistance from the
cellular network

1.1 Objective of the document
The current report describes the development and progress of the above listed 5G air interface
technology components in work package four during the first 8 months. In line with the overall
project objectives, the focus is on the aspects that will require standardization for a new 5G air
interface, while having less emphasis on algorithms that are typically not standardized. However,
also some aspects of algorithms related to the proposed network design features (e.g. packet
scheduling) are outlined as such information is needed by work package two as input to system
level simulations. On a similar note, also few theoretical derivations and analyses are presented.
Throughout the report, the developed network design components are related to the projects
overall design targets, requirements, and use cases as defined in deliverables IR2.1 and IR2.2.
The presented work in this document is also aligned with related works in work package three
(link design) to have coherent proposals for 5G air interface design.

1.2 Structure of the document
The structure of the report is illustrated in Figure 1. The main report is divided into five chapters.
Chapters 2 to 4 describes the main air interface proposals developed in work package four, while
Chapter 5 presents a summary and concluding remarks. The report is aimed at being relatively
short, describing the main developed air interface components, using pointers to references and
appendices where more detailed information can be found.

Dissemination level:Public

Page 19 / 142

FANTASTIC-5G

Public Deliverable 4.1.

Chapter 1: Introduction

Chapter 2:
Context information and RRM

RRM:
Ressource allocation frame work
Service classification

Chapter 3: Advanced Connectivity Options
D2D

Massive access

Multicast Broadcast

System level
integration of
enhanced MIMO

Network based
interference
coordination

Advanced multiuser
detection

Chapter 4: Spectral Efficiency
Chapter 5: Summary & concluding remarks
Figure 1 : Structure of the document.

Chapter 2 describes the overall radio resource management RRM frame work, and the related
assumed context information. The majority of the chapter focuses on the overall radio resource
allocation method, with the main emphasis on network-controlled unicast transmission between
the network infra-structure and terminals. The latter includes also considerations on scheduling
grant design (i.e. physical layer control channel) and scheduling formats. The chapter also
includes state-of-the-art service classification methods, and reviews the different scheduling
algorithms.
Chapter 3 outlines additional proposals for advanced connectivity options. Related to D2D, the
following is addressed; proximity discovery and reliable communications, physical layer enablers
to enhance D2D reliability, transmission modes and access schemes, and macro network
offloading. Secondly, the chapter presents the following massive access related enhancements:
efficient protocols for massive access, one-stage vs. two-stages access protocols, Compressive
Sensing Multi-User Detection, coded random access with Physical Layer Network Coding
(PLNC), and non-orthogonal access with TA-free transmission. Finally, Chapter 3 also includes
a section on various BMS related innovations.
Chapter 4 presents solution components that mainly target improving the overall spectral
efficiency, but also offering benefits for other KPIs. In short, different methods for interference
mitigation are presented. System level integration of MIMO is naturally one of the important
enablers for improved spectral efficiency, especially when considering massive MIMO with
different degrees of cooperation and coordination. Secondly, five different complementary
options for network-based interference coordination are outlined. The former also include
solutions for improved network energy efficiency, protection of MCC, etc., in addition to
improvements in the overall network spectral efficiency. Finally, a variety of receiver-based
interference suppression and cancellation techniques are outlined, including both uplink and
downlink solutions, as well as linear and non-linear approaches.
Chapter 5 offers a summary and concluding remarks, including overview of how the presented
components in this report map to different services and use cases.
Dissemination level:Public
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2 Context Information and RRM:
This chapter outlines the basic RRM framework as currently assumed in the project. The chapter
is organized as follows: First the basic air interface resource allocation framework is presented,
including a variety of considered options for scheduling formats and the user-specific control
channels for sending the corresponding scheduling grants. The chapter focuses mainly on
scheduled (network-controlled) unicast transmissions between the network infra-structure and
terminals (aspects related to BMS, D2D, and non-scheduled access are treated in sub-sequent
chapters). The presented RRM framework offers options for both orthogonal and non-orthogonal
resource allocations, as well as combinations of those. In order to ensure efficient scheduling of
users with highly diverse service requirements, it is assumed that the scheduler is aware of
different users’ service requirement. The latter can be in the form of QoS parameters provided by
the higher layers, or by the use of state-of-the-art service classification methods as also outlined
in this chapter. Finally, pointers to additional RRM features that will be addressed in coming
deliverables are presented.

2.1 Radio Resource Control (RRC)
2.1.1 LTE RRC
The LTE RRC distinguishes two states for each UE that is registered with the mobile network,
RRC Idle and RRC Connected (RRC_IDLE and RRC_CONNECTED in [3GPP36331]). A UE is
typically in RRC Idle most of the time to save power, and switches to RRC Connected only when
there is a need to send/receive user data. In RRC Idle, the UE is not known to the RAN (EUTRAN) but only to the core network (EPC). The UE monitors the paging channel and performs
cell measurements and (re)selection. In RRC Idle, mobility is UE controlled. In contrast, in RRC
Connected the UE is known to both EPC and RAN. In particular, there is per UE state in the eNB
that enables the UE to communicate bi-directionally via the mobile network with a data network
(PDN, typically the Internet). In RRC Connected, mobility is network controlled. The UE
performs measurements and reports to its serving eNB as configured. Cell change takes place
after an explicit handover command from the eNB.
This state model was designed for broadband traffic, when large amount of data is exchanged
over an extended period of time. For such kind of traffic, the necessary signaling to switch from
RRC Idle to RRC Connected, which is shown in Figure 2-1, is negligible compared to the data
traffic volume, both in respect to the number of messages as well as the delay introduced until
data traffic can start to flow.
With the advent of sporadic communication, e.g. messaging, keep-alive messages, sensor devices
etc., only a few data packets, or even a single packet is sent and received (e.g. by a sensor device),
before the eNB deactivates the UE back into RRC Idle for power saving reasons and to reduce
the number of active UE states to be kept within the eNB. For this type of sporadic
communication, different extensions to the RRC states are proposed, RRC Extant, described
below, RRC UCA Enabled [ABAL16] and RRC Connected Inactive [SMSH16].
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UE

MME

eNB

SGW

PGW

Random access preamble
Random access resp

SRB1 established

RRC Connection Request
Contention resolution
RRC Connection Setup

Delay
50…100 ms

RRC Connection Setup
Complete
(EMM Service Request)
RRC Security Mode
Command
RRC Security Mode Complete
RRC Connection Reconfiguration
RRC Connection Reconf. Compl.

Security
association for RBs
established
S1AP Initial UE Message
(EMM Service Request)
S1AP Initial Context Setup req
S1AP Initial Context Setup Resp.

SRB2 established
DRBs established
Mobility measurements
configured

GTP-C Modify Bearer Request
GTP-C Modify Bearer Response

IP Packet
IP Packet
(potential response)

Inactivity timer (few seconds)
S1AP UE Context Release Req.

GTP-C Release Access Bearers Req.

RRC Connection Release

Access st rat um signaling
reduced wit h RRC Ext ant

S1AP Initial Context Setup
Command
S1AP UE Context Release Complete

GTP-C Release Access Bearers Resp.

Non-access st rat um not handled by RRC Ext ant ; solut ions
proposed, e.g. connect ionless bearer service

Figure 2-1: LTE signalling needed for UE in RRC idle state to transmit a single IP packet.

2.1.2 RRC Extant
init ial access (legacy)

init ial access (IAC)

RACH (UL) or
Paging (DL)

RRC Idle

RRC Connect ed
RAN t riggered (Release)

SPTP or RACH (UL)
or RAN paging (DL)

inact ive t imer
t imeout

RRC Ext ant
SPTP Small Packet Transmit Procedure
IAC Init ial Access Channel
Figure 2-2: RRC Extant is added to legacy RRC states RRC Idle and RRC Connected.

The RRC Extant state is a hybrid state between RRC Idle and RRC Connected. From RRC Idle
it inherits its behaviour, i.e. UE controlled mobility, and from RRC Connected it keeps most of
the configured UE specific access stratum (AS) state. The basic idea is simple: instead of
discarding all configured AS state when transitioning from RRC Connected to RRC Idle and to
reconfigure that state again when transitioning back to RRC Connected, most of the state is
retained when transitioning from RRC Connected to RRC Extant. Only exclusively allocated
radio resources to a UE (assigned RNTIs and PUCCH resources like periodic CSI reporting and
SR) are freed for use by other UEs when a UE enters RRC Extant. To limit state keeping on the
RAN side and allow massive scalability, the eNB is expected to store all UE specific state of UEs
in RRC Extant in a database, freeing memory resources in the fast (scheduler) processing space.
Dissemination level:Public

Page 22 / 142

FANTASTIC-5G

Public Deliverable 4.1.

When a UE in RRC Extant state intends to transmit UL data, it uses a small packet transmit
procedure (SPTP, cf. Section 3.2), which, depending on the procedure may involve just the data
packet itself (one step) or may be preceded by a contention based scheduling request and grant
(two step). If there is a DL packet for the UE in RRC Extant state, RAN paging, e.g. [ABAL16],
is performed to trigger the SPTP.
In any case, as the UE has no RNTI (Radio Network Temporary Identifier), it needs to insert a
globally unique (within the scope of validity of its RRC state within the mobile radio network)
UE ID within its UL packet. The UE ID may consist of a globally unique eNB ID and a locally
unique ID for the UE assigned by this eNB. The UE ID acts as the handle to the UE specific state
in the database.
The receiving eNB retrieves the UE specific state from the database. After extracting the UE ID
from the UL packet, the remaining packet is carried out in the very same way as in RRC
Connected, including security handling and header compression. This is possible, since the full
protocol stack state of PHY, MAC, RLC and PDCP is saved as part of the RRC Extant state in
the database.
In case the UE associates to a new (target) cell, different to the source cell it was associated to
during the last RRC connected state, the UE state is stored in a database associated with another
(source) eNB. In this case, the target eNB contacts the source eNB as identified by the UE ID to
retrieve the UE state. Depending on the security implementation, either the source or the target
eNB decrypts and optionally checks the integrity of the received data packet. The decrypted (and
decompressed) packet is then forwarded towards its destination usually by the target eNB, but the
exact approach depends on the network side solution for sporadic (small) packet communication.
To allow a possible response to be forwarded to the UE, it is beneficial to remain in RRC
Connected state for a while, e.g. some seconds, depending on the specific service needs of the
UE. For that purpose, an RNTI may be assigned to the UE, typically as part of the contention
resolution message following the successful reception of an UL data packet in case contention
resolution is performed as part of the specific SPTP offered by the RAN. Alternatively all UL and
DL messages must include the UE ID, creating additional overhead, which may be acceptable if
e.g. just a single DL packet is expected (e.g. for a sensor device) before the inactivity timer expires
and the UE re-enters RRC Extant state. Finally, if a larger amount of data needs to be transmitted,
as indicated by an optional buffer status report which a UE includes into its (first) data packet,
further resources like CSI reporting and SR resources may be assigned and further reconfiguration
may take place to switch the UE to fully scheduled UL and DL operation outside the SPTP.

2.2 Radio Resource Management / MAC
2.2.1 Overall resource allocation framework
Allocation of radio transmission resources is one of the most essential RRM management tasks.
This includes allocation of radio resources for scheduled unicast transmissions between network
infrastructure base stations and UEs, scheduled multicast and broadcast transmissions, D2D, as
well as resources for non-scheduled uplink access (also known as uplink contention based access).
The allocation of radio resources for different types of transmissions are by default assumed to be
network controlled, and to be conducted for each individual cell. The resource allocation can be
either fully independent per cell, or include inter-cell coordination when using network-based
interference coordination techniques as discussed in Section 4.2.
In this chapter, the focus is on network controlled resource allocation for scheduled unicast
transmissions between the network infrastructure and UEs, while aspects of D2D, BMS, and nonDissemination level:Public
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scheduled contention based access will be addressed in subsequent chapters. The focus is on
mechanisms for RRC Connected mode. A separate downlink and uplink shared channel is
assumed for each cell. The shared channel is assumed to offer an orthogonal time-frequency
resource grid for multiplexing of users within the cell; e.g. created when using orthogonal
frequency division multiple access (OFDMA) or related 5G candidate waveforms such as
universal filtered OFDM (UF-OFDM aka UFMC), etc. Efficient resource allocation for users
with highly diverse service requirements on a shared channel is a non-trivial problem. As a few
examples, mobile broadband (MBB) typically demands high data rates, but also flexible
scheduling of smaller payloads, and thus requires a scheduling framework that supports a high
dynamic range of scheduled payload sizes. Machine type communication (MTC) with massive
machine communication (MMC) and mission critical communication (MCC) present other
requirements. MCC is particularly challenging as it requires both low latency and ultra-reliable
communication. Among others, these service requirements translate to the need for short
transmission time intervals for MCC, large bandwidth for MBB, and low bandwidth operation for
MMC devices having low cost and energy consumption requirements. Many MMC applications
are furthermore characterized by transmission of relatively small payload sizes.
It is well-known from communication theory that there are fundamental trade-offs between
capacity, latency, reliability, and coverage [SMP+14]. This basically means that optimizing for
one metric results in a loss for the other metrics. As an example, this can be illustrated with the
effective capacity, which expresses the maximum source data arrival rate that a certain channel
process can support, while fulfilling a latency constraint [WN03]. With no latency constraints,
the effective capacity equals the Shannon capacity, while it decreases asymptotically as stricter
latency constraints are enforced. From a system design point of view, this tells us that we should
not optimize the air interface to e.g. always fulfil strict latency requirements as this will incur a
loss in capacity (spectral efficiency), and vice versa. Instead, a flexible system design that allows
optimizing each link in coherence with its service requirements is desirable. In addition to the
users service requirements, also the users coverage constraints must be taken into account in the
basic RRM design.
Providing a good 5G coverage is obviously also a priority – especially relevant for macrocellular
deployment use cases and for fulfilling high reliability requirements for MCC services. Due to
the lower user equipment (UE) transmit power (as compared to the base station), the coverage is
typically determined by the uplink. For a TDD system, the coverage is further challenged as UEs
are allowed to transmit at certain time intervals only. Coverage challenged UEs will need to
transmit for certain minimum duration to allow the receiving base station to collect sufficient
amount of energy to correctly decode the transmission. In LTE link budget studies, it was found
that e.g. the physical uplink control channel (PUCCH) transmitted during a 1 ms time interval has
a coverage range of 1.4 km and 1 km for suburban and dense urban non line of sight conditions
(NLOS), respectively [3GPP36912]. These results were obtained for four receive antennas at the
eNB, assuming a carrier frequency of 2 GHz. Reducing the transmission time from 1 ms to 0.2
ms, is estimated to reduce the coverage range to ~300 meters. Hence, a new 5G air interface must
be designed with the flexibility to allow configuration of continuous uplink transmit opportunities
to meet the desired coverage target. For downlink macrocell transmission, the coverage is
obviously better due to higher eNB transmit power. It is therefore desirable to have support for
asymmetric link operation, where the transmission times of data and control can be set different
for the two link directions on a per user basis, depending on its coverage, as pictured in Figure
2-3 (see also the related study in [PFB+16b]). Hence, the eNB packet scheduler is responsible for
scheduling cell-edge coverage challenged users with longer TTIs in the uplink. On a similar note,
cell-edge users will also be configured to send uplink control information (e.g. Hybrid ARQ A/N)
using longer transmission times. The transmission time length for uplink control is assumed to be
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configured with higher-layer signalling per UE. Therefore, asynchronous HARQ is assumed for
both the downlink and uplink in order to have full support for asymmetric link operation.
High transmit
power eNB
Downlink transmissions can
be short for all UEs

Can operate
with short uplink
transmissions

Uplink transmissions
from cell-edge UE
should be long for
coverage reasons
Low transmit power UEs

Figure 2-3: The basic principle of RRM controlled asymmetric link operation.

Given the outlined constraints and trade-offs, the task of the RRM scheduler is how to efficiently
multiplex the users on the separate downlink and uplink shared channel in each cell. The timefrequency multiplexing of users is orchestrated by allowing different scheduling allocation
formats as will be discussed in greater detail in the subsequent section. The multiplexing of users
can be made full flexible within the available time-frequency resources per cell, or it could be
divided into sub-resource domains, that are prioritized for different services. If a certain subresource domain for service type A is not used, it can be used for scheduling users with other
services. An example, where the former could be of use is to pre-reserve a sub-resource domain
for MCC within a cell. If there is insufficiently offered MCC traffic to fully occupy the prereserved sub-resources for this type of service, MBB traffic can be scheduled on the resources.
For FDD cases, the shared downlink and uplink data channel can in principle be scheduled
independently, although there are some dependencies as scheduling grants are always transmitted
in the downlink (see more details in the next section, and in [PFB+16a]). For TDD cases, the
resources for the downlink and uplink shared channel are time multiplexed per cell. For small cell
scenarios, the adjustment to decide on downlink or uplink transmission could happen rather fast,
and be decided independently per cell (also known as fully dynamic TDD operation). However,
for macro cellular scenarios with much higher base station transmit power, as compared to UE
transmit power, coordinated TDD is assumed, where at least neighbouring cells (and especially
co-channel cells on the same site) need to strictly coordinate their downlink/uplink switching
pattern – for additional details, see [PFB+16b].

2.2.2 Scheduling formats
A variety of different resource allocation formats is needed for a new 5G air interface design to
accommodate efficient scheduling of users in coherence with their service requirements, and their
experienced radio conditions. As a minimum, a scheduling resource allocation for a user data
transmission shall be sufficiently large to carry one MAC protocol data unit (PDU), including the
associated MAC header information. Depending on the physical layer control channel design (as
discussed in the sequel), the scheduled resource allocation shall also be sufficiently large to carry
various control information. Examples of such control information are: A/N feedback for HARQ
operation, CSI feedback from UEs in the uplink, scheduling grants for UEs send in the downlink,
etc. Our hypothesis is that efficient scheduling of the considered services requires the support for
scheduling formats with different transmission time intervals (TTIs). As a few examples, users
with tight latency constraints (e.g. MCC) require short TTIs, while MMC users scheduled on a
narrow bandwidth are most efficiently served with longer TTIs. Moreover, users with MBB traffic
could also benefit from variable TTI sizes to efficiently adapt to various conditions. As an
example of the former, during the initial MBB data transmission session, the end-user experienced
performance is primarily determined by the Round Trip Time (RTT) due to the slow start TCP
procedure (i.e. TCP congestion control). Therefore, it would be advantageous to first perform
Dissemination level:Public
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scheduling of the MBB TCP users with short TTIs (i.e. to have shorter air interface RTT),
followed by using longer TTI sizes when reaching steady state operation [PFB+16a], [PFB+16b].
Table 2-1 presents a summary of the initial suggested minimum scheduling formats. The table
illustrates the approximate minimum scheduling sub-bandwidth for different TTI sizes, where the
TTI size equals the time-duration of the payload transmission (for the downlink, this also includes
the time for transmission of the scheduling grant). Depending on the carrier bandwidth and UE
bandwidth capabilities, a UE can naturally be scheduled on a larger bandwidth than the minimum
sub-bandwidth. The minimum sub-bandwidth is chosen to have a minimum number of resource
elements (REs) for the smallest scheduling allocation that corresponds to approximately ~200
REs. In the simplest form, the 5G cell carrier may use the same unique physical layer numerology
(e.g. subcarrier spacing) across the full bandwidth and time. However, as indicated in the third
column of Table 2-1, the different scheduling formats may also be transmitted using different
variations of the physical layer numerology. For instance using larger subcarrier (SC) spacing for
small TTI sizes to have lower latency and to support very high Doppler spreads more efficiently,
while using smaller SC spacing for the longer TTIs that are optimized for e.g. narrowband MMC
transmissions in line with what is assumed for narrowband LTE IoT (NB-LTE) as currently under
standardization in 3GPP. The last column of the table indicates the services for which the different
scheduling formats could be of most relevance. However, it should be emphasized here that the
scheduling formats are not strictly service specific. The base station packet schedulers have the
freedom to schedule users with the scheduling format that is found most appropriate (subject to
constraints on the available resources, UE capabilities, etc.).
Once the FANTASTIC-5G project has fixed the physical layer numerology options (i.e. ongoing
research in WP3), Table 2-1 will be further updated. This includes selecting the TTI sizes to equal
an integer number of symbols; the minimum scheduling sub-bandwidth to equal an integer
number of subcarriers, etc. Table 2-1 therefore only represents initially considered scheduling
formats. As a further example, the final set of scheduling formats may be reduced to TTI sizes of
size 1 ms/2k, where k equals an integer to be compatible with LTE and to simplify allocating all
time-frequency resources without gaps.
Table 2-1: Approximate indication of different scheduling formats as a function of TTI size

TTI size
0.1 ms
0.2 ms
0.4 ms
0.6 ms
0.8 ms
1.0 ms
2.0 ms
4.0 ms

Minimum scheduling
sub-bandwidth
1.5 MHz
1 MHz
800 kHz
600 kHz
400 kHz
200 – 400 kHz
200 kHz
100 – 200 kHz

Potential PHY numerology
dependency
Larger SC than LTE
Larger SC than LTE
Larger SC than LTE
LTE alike
NB-LTE alike

Service relevance
MCC
MCC, MBB
MCC, MBB
MCC, MBB
, MBB
, MBB, MMC
, MBB, MMC
, MMC

Note 1: Transmission formats optimized for D2D and BMS are discussed in Chapter 3.
Note 2: Uplink coverage limited UEs will not be scheduled with the short TTI sizes.

2.2.3 Scheduling grants control signaling
Efficient scheduling (multiplexing) of users with highly diverse service requirements and
scheduling formats calls for flexible physical layer control channel (CCH) design for carrying the
user-specific scheduling grants. Therefore, the following options are proposed for a new 5G air
interface design:


No fixed division between CCH and Data: Shared control and data region.
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Options where the CCH is localized in time and frequency.
Options where the CCH is spread in frequency domain (e.g. to offer higher robustness for
MCC).
Options where the CCH is composed of two parts; (i) UE identifier + (ii) detailed
scheduling info (e.g. reduce the UE burden of searching for user-specific scheduling
grants).

Overall high level requirements
1. Maximise flexibility and future-proofness so that evolutions of the 5G standard may
update control signalling without impacting legacy mobiles and without being impacted
by legacy mobiles’ capabilities.
2. Allow contradicting design targets to be fulfilled within a single radio access system, i.e.,
enable one multi-service radio access instead of multiple single-purpose systems each in
dedicated spectrum.
To achieve the aforementioned requirements, we have set up a couple of design guidelines for the
DL control channel:
1. Avoid the need for setting the CCH format according to the weakest link but instead allow
the control channel to be connection specific (in terms of AMC selection and potential
precoding).
2. Exploit detailed and recent Channel State Information at the Transmitter (CSIT)
whenever and as much as possible, primarily employing precoding/beamforming (both
single-site and multi-site variants) instead of transmit diversity and unrestricted control
search spaces.
3. Enable enhanced ICIC procedures with fully orthogonalized control and/or blanked timefrequency zones.
4. Allow for efficient support of low-end devices.
5. Enable base station tasks (e.g. scheduling) and UE tasks (e.g. searching for control
messages) to be as simple and energy efficient as possible.
6. As far as possible avoid explicit sharing of the basic multiplexing unit (PRB) by multiple
UEs.
LTE PDCCH multiplexes the control messages into a common resource pool. Instead, our
approach further evolves the user-specific in-resource control elements started with LTE
EPDCCH by removing any dependency on a common control channel (PDCCH) during normal
operation, alleviating any control search space restrictions including separation of control and
user data of a single UE and by avoiding explicit sharing of PRBs by multiple UEs’ control. By
embedding control into the respective allocation of the user’s data, the base station may use a
format according to the link to this respective user and may even apply rank-one beamforming.
Demodulation reference symbols may be shared between (part of the) control message and data
transmission.
The concept of localized control channels allows low-end devices to be supported more
efficiently, since a narrow band receiver suffices. Furthermore, it is not required for these devices
to scan the complete frequency range. Instead, it is sufficient to search for control data in the
predefined search space as configured by the system.
Scheduling is a rather complex mechanism. Any limitation it has to take into account adds to the
complexity. So, the options for placing user data should not be restricted beyond what is defined
as basic scheduling unit (PRB), i.e. ideally it should be possible for any DL transmission to signal
an arbitrary combination of PRBs, including HARQ retransmissions. On the other side the effort
a device has to spend for searching its data allocation/control messages depends on the size of its
search space (= a priori known locations potentially carrying relevant info) and the amount of
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processing it has to conduct until it is able to identify a currently analysed message to be addressed
to it or not. Restricting the search space too much contradicts to the former objective of having
fewer restrictions to be taken into account by the scheduler. Optimally no restrictions are made
(though, the optimal design related to this is an ongoing work). However, with having rather big
search spaces we need to employ simple means for device addressing. This calls for using explicit
user identifiers, i.e., user specific preambles. By doing so the device does not need to decode the
complete control message up to the CRC check as e.g. done in LTE (E)PDCCH, but it suffices to
correlate its signature with the received preamble (details on this are provided in upcoming
deliverables and in WP3, e.g. related to false alarm and miss-detection probabilities), resulting in
a complexity reduction which can be traded in more degrees of freedom for the control channel
placement. Once the device has detected its signature, it continues detecting the control message
itself (more on this procedure and the formats of the actual control message will be reported in
later deliverables). For doing so it may use the preamble for channel estimation purposes.
With having frequency localized control channels and keeping the formats of the control channels
configurable (e.g. chosen according to a given set of options during the initial access procedure),
the flexibility of the system is maximized and even not yet known services requiring a different
format (w.r.t. its content) may be easily introduced at a later stage. The control (and data) channel
design is such that a UE must not make any assumption about the presence and format of other
signals that it is not configured for. This removes the need for future releases to unconditionally
retain any signals for backward compatibility. If there is no UE present and configured to use a
legacy signal, the signal is not transmitted.
With applying this kind of control channel, we enable the system to provide a highly efficient
multi-service radio access instead of multiple single-purpose systems each in dedicated spectrum.

2.2.3.1

The user-specific in-resource CCH design

In-resource CCH is one option for cases where the CCH is localized in time and frequency as
illustrated in Figure 2-4 [PFB+15], [PFB+16a]. The example in Figure 2-4 shows dynamic timefrequency domain scheduling of users on a downlink FDD carrier. For each users allocation, the
user-specific in-resource CCH appears in the start of the allocation, transmitted with bandwidth
no larger than the user data transmission. The scheduling grant contains information such as the
allocated time-frequency resources for the users (number of consecutive time symbols per TTI,
subcarrier allocation), the modulation and coding scheme (MCS), hybrid automatic repeat request
(HARQ) information and multi-antenna transmission information (e.g. number of spatial
streams). Although Figure 2-4 shows orthogonal multiplexing of the scheduled users, the concept
also supports multi-user MIMO where multiple users are co-scheduled on the same resources, as
well as NOMA (see later subsections). Note that the flexible allocation of in-resource CCH differs
significantly from the solutions adopted in the current LTE standard. LTE features a strict periodic
time-division separation of the physical layer control and data, by sending the control information
in the first set of OFDM symbols [HT12]. In line with the [PFB+15] and [PFB+16a], it is worth
mentioning that the use of the in-resource CCH solution also enables more flexible use of timefrequency domain inter-cell interference coordination, as well as efficient support for
beamforming (as the same rank-one beamforming can be used for the CCH and Data channel
transmission).
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Figure 2-4: Dynamic user multiplexing on a downlink FDD carrier with user-specific in-resource CCH signaling.

Figure 2-5 shows how scheduling grants (sent in the downlink) for UE uplink scheduling are
organized. In Figure 2-5a, joint downlink and uplink grants are multiplexed on the same control
resources dedicated to a specific user (illustrated with the purple scheduling grant), with the
fundamental difference that the downlink part provides information for decoding the associated
data block, while the uplink part is pointing to a successive uplink data transmission allocation.
In case downlink data transmission does not occur for the user, the uplink grant can be transmitted
independently as shown in Figure 2-5b (green scheduling), where multiple uplink scheduling
grants are stacked in one downlink resource unit; i.e. scheduling users #3 and #4 in the uplink,
while scheduling users #1 and #2 in the downlink (dark blue scheduling grants).
(a) Downlink+uplink scheduling

(b) Separate link scheduling

Downlink

Downlink

User #1

User #2

User #2

User #1

Dt

User #2

Joint downlink-uplink grant

Uplink

Uplink

Df
User #1

Downlink grant

User #3
User #4

Uplink grants

Figure 2-5: Simple illustration of scheduling for uplink UE data transmission allocations [PFB+16a].

The principle of in-resource control signalling is also applicable for TDD cases [PFB+16b]. For
such cases, a downlink grant will appear at the start of downlink user allocation (as also assumed
for the FDD cases as illustrated earlier). Similarly, a scheduling grant with uplink resource
allocation for user will be sent while the cell is having downlink transmission, pointing to a user
allocation where the cell is having uplink transmission. The possible transmission times and
granularity of possible TTI sizes will be subject to constraints on how the cells transmission
pattern for downlink and uplink is controlled and/or configured.
In the interest of UE complexity and power consumption, it should be possible for the network to
configure each UE with a tile pattern for monitoring the downlink CCH scheduling grants. This
allows configuring low cost MTC UEs with low data rate requirements to only monitor the
downlink CCH transmissions on a narrow bandwidth of ∆f, and on a sparse time resolution. On a
similar note, UEs with MCC can be configured to monitor for CCH transmissions on a larger
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bandwidth every ∆t to fulfil stricter latency and reliability requirements. And finally, MBB users
could be configured to e.g. monitor only every n-th and m-th tile in the time- and frequencydomain, respectively. The configuration of each UE with a tile pattern for monitoring downlink
CCH scheduling grants corresponds to a flexible time-frequency domain discontinuous reception
(DRX) mechanism. The time-frequency domain DRX mechanism offers the possibility to control
the trade-off between scheduling flexibility and UE power consumption for each link. The DRX
configuration of the users is assumed to happen via higher layer signalling, asynchronously
among the users, and primarily configured at connection setup.
Fast dynamic link adaptation (LA) is assumed for both the in-resource CCH as well as the data
channel transmission for each scheduling instant. LA for downlink transmissions is based on UE
channel state information (CSI) feedback, while LA for the uplink is based on base station quality
measurements (among other metrics).

Scheduling grant overhead with in-resource control

2.2.3.2
signaling

Following the assumptions and analysis presented in [PFB+15], [PFB+16a], Figure 2-6 shows the
CCH overhead as a function of the TTI duration and the relative scheduled bandwidth (relative to
20 MHz). For the users in bad channel conditions (SINR=-6dB), the CCH overhead is very high
(up to 75%) if scheduled with the shortest TTI (0.2ms) on a small fraction of bandwidth. This is
simply due to the relative high number of required Resources (288) for the CCH. However, if the
scheduling resource allocation is increased, the CCH overhead decreases considerably. A
minimum of 1.2% overhead is obtained for scheduling on the full bandwidth with a TTI size of 2
ms. In the case where the user experiences good channel conditions (2 dB SINR, or higher), the
trends are the same but the CCH overhead is kept lower than 10% for all the depicted allocation
options. Note that adopting a larger CCH overhead for short TTIs is tolerable since short TTIs are
expected to be set for MCC users with tight latency and lower throughput requirements. MBB
users with longer TTIs benefit instead from a low CCH overhead. The results in Figure 2-6
essentially show that the CCH overhead scales with the scheduling of users due to the in-resource
CCH signalling. The fact that the CCH overhead is not hard limited to values of 7%, 14%, and
21% as in LTE [HT12], presents a more flexible solution.
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Figure 2-6: Relative in-resource control channel (CCH) overhead for different TTI sizes, scheduling bandwidths (relative
to 20 MHz), and UE downlink experienced SINR [PFB+15]

The effect of using shorter TTIs has also been studied by means of system level simulations,
assuming an LTE setting. Here the TTI size is varied from 2 to 14 OFDM symbols. It is worth to
note that everything is scaled according to the TTI size, e.g. delay, CSI reporting, HARQ RTT
etc. are always assumed in multiples of TTIs. The following two use cases have been studied:
video streaming and File Transfer Protocol (FTP) download over Transmission Control Protocol
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(TCP). By means of conducted system-level simulation analysis we demonstrated that reduced
user-plane latency brings advantage in terms of increased average TCP throughput (see Figure
2-7-b) in a slow start mode, reduced latency of average video packet download (see Figure 2-7c), faster link adaptation by means of reduced number of required re-transmissions and radio
resource efﬁciency by means of reduced padding rate. We identiﬁed the factors that affect and
dominate the overall latency behaviour, such as L1/L2 control overhead (see Figure 2-7-a) or
queuing delay, which may lead to the case when user-plane latency reduction is no longer
considered to be beneﬁcial. By extending the system level simulations with integrated trafﬁc
models, we have shown that shorter TTIs than 1 ms are useful for MBB services to a certain
extent. However, using very short TTIs comes at a cost of higher scheduling control overhead,
and therefore must be used with care (see Figure 2-6). In proceeding with RRM work in
FANTASIC-5G, the effect of using different TTI sizes with be further studied, adopting the
proposed 5G air interface assumptions.
Limited by
increased:
• Overhead

Limited by larger:
• Number of
retransmissions
• Round trip time
and HARQ
• Padding rate

Figure 2-7 : Performance results over changing number of OFDM symbols per transmission time interval (TTI). a) L1/L2
control overhead in percentage per resource-block with 12 subcarriers. b) Sum throughput for various load in the
network by number of users per sector c) Gain in average FTP downlink time for varying the file size with 14 OFDM
symbols as reference

2.2.3.3

Punctured scheduling option

Given the proposed RRM framework where users can be scheduled with different TTI size,
options of punctured downlink are proposed as well. Support for punctured scheduling is
motivated to have high flexibility for multiplexing MCC services together with other services
having lower priority. Figure 2-8 illustrates a case where user #2 (U2) is scheduled with longer
TTI sizes on the shared channel (i.e. could be MBB traffic). During the ongoing transmission to
U2, urgent data for MCC user #1 (U1) is suddenly arriving at base station for immediate
scheduling in order to fulfil the related latency requirements. However, as U2 is already
occupying the shared channel, it is proposed to puncture part of the ongoing transmission to U2,
to allow immediate scheduling (with a short TTI size) of U1 (illustrated with green in Figure 2-8).
Depending on the relative fraction of punctured data for U2, U2 may still be able to correctly
decode the data transmission due to the use of FEC. As an exemplary enhancement, additional
Dissemination level:Public

Page 31 / 142

FANTASTIC-5G

Public Deliverable 4.1.

information may also be embedded at the end of the punctured data transmission to U2, such that
U2 is made aware of the “corrupted data part”, and thus can take this into account in the decoding
process, and potentially also in HARQ combining operations. Exact details of possible
enhancements related to punctured scheduling options will be further studied as the project
progresses.
Higher priority data

U1

Scheduled data

U2
Figure 2-8: Basic illustration of punctured scheduling, where an ongoing transmission on the shared channel towards
user #2 (U2) is partly punctured by an urgent short TTI transmission towards user #1 (U1)

2.2.4 Non-orthogonal multiple access (NOMA)
Non-Orthogonal Multiple Access (NOMA) has recently emerged as a promising candidate
solution for systems beyond 4G. In this technique, multiple users are multiplexed in the powerdomain as shown in Figure 2-9, at the transmitter side, on top of the OFDM layer, and multi-user
signal separation is conducted at the receiver side, based on Successive Interference Cancellation
(SIC) [CS03] [TH11] [HK12] [HK13] [OKH12] [SKB+13] [UKH12] [SO12].

Figure 2-9: Illustration of the Non Orthogonal Multiple Access scheme for two users with the multiplexing in the power
domain

Since dynamic resource allocation techniques have shown their efficiency in spectrum and power
optimization within OFDM systems, and since a flexible radio interface is desirable in future 5G
systems, we aim throughout this work to propose new strategies for the optimization of resource
allocation based on NOMA. By combining the potential gain achieved by NOMA through power
multiplexing, with a proper optimization of the amount of used bandwidth, we seek to boost the
spectral efficiency, while respecting a set of traffic requirements. However, using NOMA within
such strategies for resource optimization is not straightforward. This is mainly due to the fact that,
in order to respect the resource requirements of a set of users, each user needs to be multiplexed
on several subcarriers, with different cohabiting users and in various multiplexing orders within
each subband. For this purpose, several design aspects will be taken into consideration throughout
this study, such as multi-user frequency scheduling, power allocation among subbands, power
repartition between scheduled users within a subband, concentration and prioritization of users,
etc., as well as the interaction of these different design issues.
So far, the majority of existing works dealing with NOMA have investigated the system-level
performance in terms of system capacity and cell-edge user throughput, compared to previous
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systems adopting orthogonal signaling as a multiple access scheme. In addition, they have
considered an equal repartition of power between subbands, followed by an intra-subband power
allocation scheme [OKH12] [BSK+13] [BLS+13] [KLK+13]. The aim of applying equal power
allocation was to circumvent the problem of optimally distributing the power between subbands
supporting two or more users with different channel amplitudes on the same subbands.
We aim throughout this work to improve the spectral efficiency and the cell-edge user throughput
under two scenarios. For the first scenario, our proposed algorithm for the dynamic assignment
of available subbands seeks to achieve two goals. The first one is to reduce the amount of used
bandwidth. In fact, the optimization of the amount of occupied bandwidth is of a great interest for
the upcoming generations of mobile communications, in order to cope with the increasing scarcity
in spectrum and, at the same time, meet the exploding demands of higher data rates. One
application of particular interest in this context is cognitive radio [FM07] [HKH+10] [MYA09],
since the adaptability in assigning spectral bands to users in a non-selfish way will allow freeing
an optimized amount of bandwidth that may be used by other cognitive systems or other mobile
operators. The second goal in the context of this first scenario is to improve system capacity in
such a way to provide each user with a requested service data rate. Our proposed allocation
technique also takes into consideration the fact that, in certain situations and on specific subbands,
NOMA may not constitute the appropriate solution. Therefore, a dynamic switching between
NOMA and a classical OFDMA is allowed under certain conditions. Note that, in [BSK+13], a
dynamic switching from NOMA to Orthogonal Multiple Access (OMA) is mentioned, such that
the proposed algorithm for resource allocation can be either entirely based on NOMA or entirely
on OMA, for the sake of performance comparison. Moreover, no criterion is proposed to enable
this switching in a dynamic way or to vary the signaling scheme within subbands between NOMA
and OMA. Finally, the proposed framework in this context supports a large number of users and
therefore shows a great robustness in the context of crowded areas, in terms of the occupied
bandwidth and the probability of success (i.e. the probability of succeeding to respect required
data rates by all users).
The second scenario corresponds to the extension of the classical case of power and resource
allocation adopted in LTE to take into account the multiplexing of multiple users in power domain
for NOMA support. This scenario differs from the previous one in the goals it seeks to achieve.
In this scenario, the most important target is to achieve a high level of fairness between users
while improving sum-rate and consequently user rates. Indeed, cell edge users generally
experience large differences in channel quality than users closer to the Base Station (BS).
Therefore, the resource and power allocation process should take this effect into account to try to
serve all users equally in terms of throughput regardless of their positions in the cell while
maximizing cell sum-rate. Most of the papers dealing with NOMA consider the proportional
fairness (PF) scheduler as a multiuser scheduling scheme for the trade-off between total user
throughput and user fairness that it provides. Several low complexity sub-optimal power
allocation strategies have been also studied in the literature in combination with the PF.
In the second scenario, we first intend to investigate the introduction of a low complexity water
filling-based power allocation for NOMA. This solution can open the way for the introduction of
other resource allocation algorithms that intend to be more efficient in terms of fairness,
complexity and /or throughput when compared to the PF. In addition, assessment of short term
fairness will be performed to compare allocation algorithms in terms of the speed to achieve target
fairness. Indeed, while the long term fairness (after a large number of allocations) may be similar,
allocation algorithms may show largely different behaviors for a low number of allocation steps
(in number of OFDM symbols). This short term fairness performance can have an important effect
on receiver complexity regarding buffering resources. Simulations will be performed comparing
our technical proposals with OMA and NOMA proposals from state-of-the-art in terms of sumrate (or average user rate) and short-term and long-term fairness (Gini fairness index [DSN05]).
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The introduction of NOMA requires the modification of the resource and power allocation
algorithms at the BS. For optimum allocation, the system would require information regarding
the channel quality of the users within its cell. At the receiver side, a SIC is used for one of the
multiplexed users.

2.2.5 Other RRM functionalities
The family of RRM functionalities naturally includes other mechanisms in addition to the
addressed resource allocation schemes. In line with the FANTASTIC-5G project plan proposal,
RRM solutions such as:




Uplink power control: Controlling the UE transmit power levels,
Mobility management (handover): Ensuring efficient connectivity for users moving
between areas covered by different cells (including virtually zero interruption time),
Efficient multi-node connectivity: Solutions that allows UEs to be simultaneously served
by multiple cells belonging to the same or different base station nodes,

are all of importance for a new 5G air interface design. Hence, the above listed RRM features will
be further studied in upcoming WP4 deliverables such as IR4.2 / D4.2.

2.3 Service classification techniques
Throughout the design of the multi-service 5G air in the FANTASTIC-5G project, it is assumed
that some a priori knowledge of QoS requirements and traffic characteristics for the different
users is available. Knowledge of QoS requirements per traffic flow could be provided by the
higher layers as e.g. assumed in the HSPA and LTE, where sets of QoS parameters are available
for RRM functionalities such as admission control and packet scheduling decisions. As an
example from LTE, each data flow (bearer) is associated with a QoS profile consisting of the
following downlink related parameters:
 Allocation retention priority (ARP)
 Guaranteed bit rate (GBR)
 QoS class identifier (QCI)
The QCI includes parameters like the layer-2 packet delay budget and packet loss rate. However,
for the cases where detailed QoS parameters are not made available from the higher layers, the
project considers the use of novel service classification techniques, where base stations monitor
the traffic flows to extract more detailed service classification information. Such information can
serve as input to packet scheduling algorithms, and other RRM functionalities.
The support of fast and reliable traffic characterization/classification is one step for understanding
the network/devices resource usage, to provide differentiated and high QoS/QoE through
prioritization targeting in increasing resource-usage and energy efficiency. In addition, the service
classification process can interact with services and procedures (e.g., new frame design, specific
waveforms etc.) in order to support flexibility and adaptability to traffic variability.
The types of traffic and service classification methods considered in the project reside in the area
of statistical-based classification techniques and especially in the area of machine learning
techniques. The statistical-based classification techniques are realized by exploiting several flowlevel measurements (e.g. such as traffic volume, packet length, inter-packet arrival time, TCP and
IP flags) to characterize the traffic of different services. Then, to perform the actual classification,
data mining techniques are applied to these measurements, in particular machine learning
algorithms.
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In contrary to other methods of traffic classification, like payload-based classification, which need
to analyze the packet payload or need to use deep packet inspection technologies, statistical-based
classification techniques are usually very lightweight, as they do not access packet payload and
can also leverage information from flow-level monitors.
The reason to choose machine learning among other techniques is because it can automatically
create the signatures for a service and automatically identify a service in the future traffic flow.
The machine learning techniques consist of several steps: a) definition of the service
characteristics (e.g. packet sizes or inter-packet arrival times); b) assignment of service types to
instances; c) use of sample service traces to train the classification engine to generate appropriate
rules; d) use the rules to classify future traffic.
In the literature a lot of studies focus on application and service discrimination based on traffic
classification learning techniques as presented in detail by [SN13][V+13][A+14]. Clustering
algorithms like K-Means, DBSCAN, AutoClass, reside in the area of unsupervised techniques.
The objective of clustering is to group flows that have similar patterns into a set of disjoint
clusters. A survey of clustering algorithms is presented in [EAM06]. Also, authors in [MZ05]
present the Bayesian classification techniques which are supervised machine learning techniques
using Naive Bayes approaches. During the training phase, flow parameters are used to train the
classifier and create a group of services. Then, when new flows arrive, are subjected to
probabilistic class assignment, by calculating their probabilities of class membership and assigned
to that class to which maximum probability is attained. The aforementioned supervised machine
learning methodology is illustrated in Figure 2-10.
Traffic trace of
different services

ML features
selection
Service statistics
processing

Data Sampling
(optional)

(e.g. interarrival time,
packet length,
flow duration)

Training
Phase
Stratified
CrossValidation

Classifier
Model

Figure 2-10: Supervised machine learning methodology

In addition, statistical fingerprint-based classification techniques as presented in [CDG+07]
classify traffic based on a set of pre-selected parameters (e.g. packet size, inter-arrival time).
During the training phase, a dataset of flows from each service are used in order to analyze the
dataset and create the service fingerprint. This fingerprint is usually a PDF (Probabilistic Density
Function) vector used to identify the service. During the classification phase the algorithm checks
the behavior of a flow against the available set of PDF vectors. Also, Support Vector Machine
(SVM) techniques, first proposed in [CV95], are binary supervised classification algorithms
which transform a non-linear classification problem in a linear one, by means of what is called a
“kernel trick”.
Furthermore, Artificial Neural Networks (NNs) consist of a collection of processing elements that
are highly interconnected and transform a set of inputs to a set of desired outputs that is inspired
by the way biological nervous systems works. In [AMG07] authors proposed a NN, in which a
multilayer perception classification network is used for assigning probabilities to flows. A set of
flow features are used as input to the first layer of network, while the output classify flow into a
set of traffic classes by calculating the probability density function of class membership. Also,
Decision Tree algorithms, which are mentioned also by [KQ99], represent a completely
orthogonal approach to the classification problem, using a tree structure to map the observation
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input to a classification outcome. In these supervised classification algorithms, the data set is
learnt and modeled, therefore, whenever a new data item is given for classification, it will be
classified accordingly learned from the previous dataset.
As last points, the well-known Genetic algorithm (GA) based techniques are search methods that
find an approximate solution to an optimization task - inspired from biological, evolution process
and natural genetics. GA techniques are capable of deriving best classification rules and selecting
optimal parameters [CDC08]. Finally, fuzzy logic classification techniques are derived from
fuzzy set theory under which reasoning is approximate rather than precisely derived from classical
predicate logic. Fuzzy techniques allow an object to belong to different classes at the same time.
This concept is helpful when the difference between classes is not well defined.
A key criterion on which to differentiate between classification techniques is predictive accuracy
(i.e., how accurately the technique or model makes decisions when presented with previously
unseen data). A common way to characterize a classifier’s predictive accuracy is through metrics
known as False Positives, False Negatives, True Positives and True Negatives [NA+08]. These
metrics are defined as follows:
 False Negatives (FN): Percentage of members of class X incorrectly classified as not
belonging to class X.
 False Positives (FP): Percentage of members of other classes incorrectly classified as
belonging to class X.
 True Positives (TP): Percentage of members of class X correctly classified as belonging
to class X (equivalent to 100% - FN ).
 True Negatives (TN): Percentage of members of other classes correctly classified as not
belonging to class X (equivalent to 100% - FP ).
Based on the aforementioned metrics, in order to measure the performance of different machine
learning algorithms, four evaluation metrics are widely used in literature [BCF+08]: overall
accuracy, precision, recall, and F-Measure, defined below:

Accuracy 
Recall 

TP  TN
,
TP  TN  FP  FN

TP
,
TP  FN

Precision 

F  Measure 

TP
,
TP  FP

2 * TP
2 * TP  FP  FN

From the aforementioned techniques, FANTASTIC-5G will select the most suitable technique
which is needed for proceeding to the realization of the service classification study item, will
evaluate their predictive accuracy performance and will show the impact of it to the overall
FANTASTIC-5G air interface.

2.4 Initial scheduling algorithm considerations
The RRM mechanisms for the new flexible 5G air interface offer additional degrees of freedom
for efficient multi-user scheduling, having highly diverse service requirements. Multi-user
scheduling is one of the main functionalities of mobile networks, since it is in charge to distribute
available frequency resources in order to satisfy user quality of service requirements while
maximizing the network key performance indicator. Well known scheduling solutions may not
be sufficient due to the lack of flexibility. In fact, different approaches have been defined to satisfy
different goals and constraints and often designed to optimally operate only in a specific use case.
As a few examples, some well-known scheduler algorithms of different complexity are:
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A typical channel unaware scheduler is the well-known Round Robin where resources
are fairly shared amongst the end users in the time domain.
Channel Aware/ QoS Unaware schedulers represent a good trade-off between
performance and complexity; additionally by taking into account the effect of the multiuser diversity they may achieve optimal resource utilization efficiency. However, their
performances are strictly dependent on the reliability/precision of the CQI measurements.
Examples of this class of algorithms are the well-known Maximum Carrier over
Interference (MCI) and the Proportional Fair (PF).
Channel Unaware/ QoS Aware schemes attempt to satisfy QoS without requiring radio
channel knowledge (i.e. CQI). This on one hand limits the system overhead but on the
other hand leads in very low efficiency. Examples of this class of algorithms are the
Earliest Deadline First (EDF) and Largest Weighted Delay First (LWDF) schemes.
Channel Aware/ QoS Aware is the class of schedulers characterized by the highest
complexity. They are typically designed either to guarantee the user data rate or to satisfy
the traffic latency requirements but fail to capture different class of service requirements.
Amongst this class of solutions, a well-known scheme is the Modified Largest Weighted
Delay First (M-LWDF), which extends the LWDF to balance fairness, cell throughput,
and QoS by shaping the PF metric through the user accumulated delay.

In moving forward with the RRM and scheduler research within FANTASTIC-5G, it our ambition
to further extend the well-known scheduling algorithms to enable more efficient multiplexing in
5G of users with highly diverse service requirements; e.g. MBB, MMC, and MCC. Taking
advantage of the richer number of scheduling formats proposed for 5G (see text in earlier sections)
is naturally one objective. The upcoming work will therefore, among others, include development
of enhanced scheduling algorithms that further benefit from the following new degrees of freedom
that come with 5G:



The possibility to dynamically schedule users with different TTI sizes.
The possibility to apply punctured scheduling, where short high-priority messages can
puncture (i.e. partly overwrite) an ongoing longer TTI transmission of lower priority.

Different user QoS requirements such as minimum/maximum data rate, latency, and packet loss
rate constraints will be taken into account. A first proposal of a new 5G scheduler suited to
heterogeneous QoS is therefore introduced in the next section.

2.5 Heterogeneous Trafﬁc Scheduling Based on
Reinforcement Learning
In this section, we present our initial thoughts on an optimized scheduling framework for coping
with heterogeneous traffic requirements. Classical proposals to schedule heterogeneous service
classes are based on a two-stage approach: in the first stage, named as time domain packet
scheduling (TDPS), inter-class selection is performed; in the second stage, referred to as
frequency domain packet scheduling (FDPS), based on a specific scheduling rule, prioritization
amongst users of the selected class is realized. These schemes have two main drawbacks:
1. In the TDPS, they are not designed to jointly take into account both the inter-class
priorities defined by the 3GPP and the QoS constraints of each class.
2. In the FDPS, a fixed rule is used, which is likely to be optimized only for a limited set of
QoS constraints and perform well only in specific conditions
Our approach is described in Figure 2-11, where we can identify three main blocks: the dynamic
TDPS/FDPS scheduler, the stochastic controller, and the state aggregation. The dynamic
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TDPS/FDPS scheduler works as the classic TDPS/FDPS scheme but, in the time domain, it
dynamically selects the traffic class to be scheduled by jointly considering the 3GPP priorities
and the QoS constraints at each active class. Additionally, in the frequency domain, it chooses the
most appropriate scheduling rule to maximize the satisfaction of the users of the selected class
based on their momentary conditions.

Figure 2-11: Proposed stochastic optimisation framework for scheduling heterogeneous traffic.

The class and the scheduling rule selections are made at the proposed stochastic controller based
on reinforcement learning and neural networks. Classically, reinforcement learning provides a
tool to learn the optimal strategy to be implemented to optimize system operations in a stochastic
environment, i.e. after convergence, it associates to each system state an optimal corresponding
action. Due to the complexity of our model, which is composed by a large number of continuous
variables, we use neural network to approximate the non-linear function that maps the system
state space to the optimal corresponding actions. When using jointly neural network and
reinforcement learning, the latter is used to learn the coefficients of the neural network function.
Finally, to speed up the learning process and limit the size of the state space, we introduce a state
aggregation block, which aims to capture the relevant information from the state space and pass
it to the stochastic controller by eliminating the state space dependency on the number of active
users and bandwidth.
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Figure 2-12: Learning process

Figure 2-12 provides a detailed description of the learning process, which can be divided into two
stages, corresponding to the class selection and the scheduling rule selection, respectively. At
each TTI, the Aggregation block takes as input the state space related to each of the |𝑃| traffic
class and produces a compressed state space 𝑆 𝐶 , whose elements are passed to the corresponding
neural network. At the output of the neural network, the classes are prioritized according to the
previous step of the leaning process; then, the improvement/evaluation block either selects the
class with the highest priority or randomly picks up a different class to be forwarded to the
following blocks to explore different possible strategies. After this stage, the compressed state
space related to the selected class is passed to the neural networks having the role to select the
most appropriated scheduling rule. One neural network per scheduling rule is implemented. After
the scheduling rule selection, the two actions are implemented and their impact on the system
performance is evaluated. Then the role of the RL (Reinforcement Learning) algorithm blocks is
to update the two neural network functions according to the experienced performance
improvement/loss.
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3 Advanced Connectivity options
This chapter is devoted to advanced connectivity options beyond the traditional cellular downlink
and uplink unicast transmission. It starts with Device-to-Device Communications, where the
different concepts (such as proximity discovery, communication mode selection, coverage
extension, network offloading and caching) and the techniques that enable each one of these are
presented. Then the focus switches to the random access protocols that enable massive machine
type communications. One-stage and two-stage random access protocols are considered as well
as their enablers at the physical and medium access control layers. Finally, the chapter concludes
with the techniques that support efficient and flexible broadcast and multicast transmissions,
while highlighting the signalling and physical layer challenges and proposing the respective
technical enablers.

3.1 Device-to-Device Communications
3.1.1 Core Concepts
3.1.1.1

Motivation, challenges and opportunities

Device-to-Device (D2D) communications will play an important role in 5G networks. The
motivation to introduce D2D communications within a cellular context comes from (i) the need
to improve the use of network resources, i.e. the area spectral efficiency and (ii) to enable new
cellular services that require a direct communication between devices. The potential increase of
the spectrum usage efficiency comes from the insight [GK-00] that overall network capacity can
be increased, if direct connectivity between nearby devices is allowed within a cell. This is also
the motivation for the introduction of small cells, sometimes termed as cell densification; while
D2D takes this concept further via link densification. However, to allow the communication
between devices, they should know beforehand which of them are available, i.e., they should
discover each other. One of the main challenges of such a phase is to provide a fast discovery
mechanism that allows nodes to start data transmissions. Furthermore, allowing autonomous D2D
discovery and communication phases pose additional challenges, for example, in terms of
resource allocation.

3.1.1.2

Proximity discovery

Prior to establishing the D2D links (i.e. the D2D communication phase), the network needs first
to become aware which devices want to communicate and if they are in close proximity to each
other, which is accomplished by the proximity discovery procedure. During this discovery phase,
the devices have to be recognized by their neighboring devices in order to establish a secure
communication and exchange data. The main target of the proximity discovery is to complete
such a procedure with very low delay (i.e., fast discovery).
D2D discovery and communication has been standardized in LTE Rel-12 [TS 23.303] and further
evolved in LTE Rel-13, where a new set of physical channels, so called physical side link
channels, have been defined in the standard to support D2D communication and discovery. So far
D2D communication and discovery has focused on the public safety (PS) oriented proximity
services. The D2D communication supports two modes, namely in-coverage mode (transmission
mode 1) and out-of coverage mode (transmission mode 2). It is important to note that mode 2 can
be used as a way to reduce the network signaling exchanges when in connected mode.
Nevertheless, current technology shows some problems. In infrastructure based systems, like
LTE-A, the discovery mechanism involves communication through the base station, thus
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increasing the control overhead and consequently the discovery time. The involvement of the base
station is required since the D2D resources are shared with the cellular resources (see Figure 3-1).

Figure 3-1: LTE proximity discovery procedure

Full duplex (FD) technology has been considered for the design of the future 5G system,
envisioned as a new Radio Access Technology [M+14]. Such technology allows a device to
transmit and receive simultaneously in the same frequency band. Therefore, by allowing
continuous reception (always listening), the number of non-decodable collisions may be reduced,
consequently decreasing the delay.

3.1.1.3

Enhanced D2D communication

It is envisioned that D2D communication has potential to be applied for various 5G services such
as V2V and MTC, and enhance the overall system performance in terms of throughput, energy
efficiency and area spectrum efficiency. Due to the integration of device and network equipment,
a traditional UE may serve as a relay node for other UEs. As a result, D2D communication can
be utilized to provide communication link of certain network topology. For example, D2D
communication can be used as the backhaul and/or fronthaul link to other nodes in the network.
The D2D features supported in the current LTE mainly focus on the public safety services and
have limited support to more advanced and efficient unicast communication. Specifically, it can
be beneficial to study the throughput enhancement and resource allocation optimization for D2D
communication. To this end, enhanced D2D signaling and protocols need to be developed.

3.1.1.4

Coverage extension

In mobile cellular networks cell edge users typically exhibit higher path loss and are more
vulnerable to interference from neighboring users (intra-cell interference). Cell coverage is an old
problem in cellular network deployment that has been addressed through many angles: from
power control to network planning [M11][M07]. Increasing transmit power both at the base
station and the user equipment is not a suitable solution to solve coverage problems and extend
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cell range, either from an energy efficiency, an economical (infrastructure cost) or capacity point
of view (interference-limited system). These aspects motivated the investigation of more cost
effective solutions pushing intelligence towards the edge. This has been the case of femtocells
originally catered for home subscribers [CAG08][CHS08], or the deployment of small base stations
in highly dense urban areas or hot-spots [SCF]. Small-cell solutions are characterized by a high
degree of heterogeneity. They are distinguished by the degree of network-assistance, spectrum
usage (licensed/unlicensed, overlay/underlay), the need for new functionality deployment at
UE/eNodeB, backhaul requirements, etc. [SSQ+14, SSQ+14b, WHQ+14]. Market status statistics
from Small Cell Forum (SCF) confirm the growth of these technologies [SCF050], which are
further endorsed by recent results on heterogeneous cellular developments that consider the
integration of small cells and device-to-device communication into the network operation
[PJS+14,Y15]. Allowing direct communication between closely located users, presumably
experiencing less signal attenuation, is expected to improve performance in terms of achievable
rates and power consumption not only of cell-edge mobile users but the overall cell.
The interest of D2D underlying licensed cellular networks is supported by the integration of D2D
communications study items into the standardization bodies [3GPP36843] and it is foreseen to
play a fundamental role in 5G networks, in particular as complementary technology to the
macrocell infrastructure for coverage extension and capacity increase. Other benefits such as
traffic offloading are specifically addressed in other sections of this document. Although, the
different communication aspects involved in network-assisted D2D communications will be
addressed in a global context along the project.

3.1.1.5

Network offloading and caching

The current explosion of mobile devices and the consequent growth of data traffic have increased
the interest in relieving the macro network by offloading of a significant part of traffic. Today,
multimedia-based traffic (video, audio, etc.) accounts for 40-60% of overall traffic where contents
are usually retrieved from distant servers in the Internet or from caches in the core network.
Therefore, caching the requested content closer to the end user is seen as a way for enhancing
Quality of Experience (QoE) through capacity increase and reducing the overall costs. The
extreme limit in this approach is caching of contents in the end user devices and transmitting
them, upon request, via short-range wireless links to the user terminals. Within the context of
cellular mobile networks, these short-range wireless links are provided by D2D communications.
D2D communications are currently being standardized in 3GPP (Release 12 and Release 13 of
LTE-A) and it is foreseen to be an integral part of the upcoming 5G. Thus, the combination of
D2D with content caching, exploiting the advantages of D2D communications for a fast content
retrieval, represents a viable solution for increasing the network capacity and enhancing the user
perceived Quality of Experience (QoE) in 5G networks.
The use case of our interest is therefore offloading the traffic from the (highly loaded) macro
network combining D2D communication with content caching in order to increase the network
capacity. In particular, all devices or a portion of them can cache popular Internet contents and
users requesting a content can retrieve it from nearby devices (if available) using D2D
communication, or otherwise from Internet using classical cellular links. Challenges for this task
are represented by finding the optimum spectrum/resource allocation scheme, interference
management, signaling for D2D links, optimum choice of D2D and cellular links etc.

Dissemination level:Public

Page 42 / 142

FANTASTIC-5G

Public Deliverable 4.1.

3.1.2 Enablers
3.1.2.1

Proximity discovery with flexible Network Support

The goal of this work is to evaluate different proximity discovery approaches beyond the state of
the art. The performed study is at the protocol level, therefore assuming that discovery signal
characteristics are the same than those currently considered in LTE-A [3GPPTS233], although
for protocol analysis the simplification of a Gaussian signal will be used as the main assumption.
We consider both network supported scenarios (as currently done in LTE) and scenarios with
limited network support. Furthermore, we consider both the cases of orthogonal spectrum
dedicated to D2D, as well as the shared spectrum model (limited to the network supported D2D).

E-UTRAN
Monitor
Monitor
Monitor
Monitor
Monitor
Monitor

EPC

Announcer

eNodeB

Prose
Function

1. Discovery Request (PC3)
2. Trigger Monitors & Assign Resources (PC3)
3. E-UTRAN Discovery (PC5)
4. Match Report (PC3)
Figure 3-2 : Overview of network controlled ProSe direct discovery [3GPPTS233]. PC3 denotes the logical interface
between the ProSe enabled devices and the Prose function at the Evolved Packet Core (EPC), which takes place over
the E-UTRAN and EPC. PC5 denotes the logical interface between two Prose enabled devices in the E-UTRAN

In the network supported case, we assume that the protocol in place follows the LTE-A discovery
protocol, which we depict in Figure 3-2. In contrast with the state of the art network cellular
proximity discovery, we assume that the communications associated with the proximity discovery
occur underlayed in the cellular communications. Specifically, we assume that the proximity
discovery transmission underlays the downlink transmission, as depicted in Figure 3-3.

g1
M

A

Proximity Discovery Link
B
Downlink Link

Figure 3-3: Underlay proximity discovery

The underlay transmission is enabled through the use of receivers capable of multi-user decoding
and power control and exploitation of a recent result in the Gaussian Multiple Access Channel
[PP15a]. The results show that this scheme is more energy efficient, as shown in Figure 3-4, than
the traditional orthogonal transmission, specifically for low transmission payloads [PP15].

Figure 3-4 - Energy efficiency comparison between orthogonal and underlay discovery [PP15].
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In the limited network support case, the main target of this work is to study the potential of full
duplex (FD) technology in 5G networks to provide fast discovery. In scenarios with low latency
requirements, FD may reduce considerably the discovery delay, while reducing collisions and
control overhead and improving energy consumption. The focus of the study is on ad-hoc type of
networks with autonomous device discovery, therefore the discovery protocol in place is akin to
random access. The autonomous D2D mode is already being considered in 3GPP to support
Public Safety applications.

Figure 3-5 : Procedure of autonomous discovery (broadcast message)

The discovery signal (whose design and corresponding transmission periodicity is subject to
ongoing research) includes the feedback of decoded discovery signals. Such feedback may
contain more than one acknowledgement since several discovery signals may be successfully
decoded at the same time. Figure 3-5 shows an example of the procedure. Device 1 is the first at
transmitting the discovery signal. Such signal is received by devices 2 and 3. Then, device 2
transmits the discovery signal, which includes the feedback indicating that device 2 has
discovered device 1. Finally, device 3 transmits the discovery signal including the feedback that
it has discovered devices 1 and 2.
As a starting point, several assumptions are taken. D2D has a dedicated spectrum, but under the
network coverage. Therefore, the interference between cellular users and D2D devices is avoided.
The discovery is going to be autonomous, i.e., the network is not going to be involved. In this
way, control overhead is reduced and consequently, so is the delay caused by such an exchange
of control information. Furthermore, synchronization is provided by the base station, since
devices are aligned in time and frequency [M+14]. A time slotted system with orthogonal
frequency resources is considered. Figure 3-6 shows the representation of the frame format used
in each orthogonal resource [M+14]. We assume that all devices will be full duplex capable with
ideal self-interference cancellation. According to recent advances in antenna design [H+15],
approximately 110 dB of self-interference cancellation are already achievable. If a transmit power
of 23 dBm is assumed, 110 dB of cancellation is enough to consider ideal self-interference
cancellation. Finally, and according to the envisioned Nokia 5G system design [M+14], all
devices are equipped with 4x4 MIMO antenna configuration and they support advanced receivers,
such as Interference Rejection Combining (IRC) or Successive Interference Cancellation (SIC)
[T+15], and coding techniques, such as coded random access.
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Figure 3-6 : Representation of an orthogonal resource

As a first approach, a modification of slotted-ALOHA in the frequency domain is considered. The
protocol should be modified because explicit feedback is not required. As stated previously,
devices transmit their feedback piggybacked with the discovery signal. Retransmission
mechanisms are not considered because the discovery signal will be transmitted always with a
certain periodicity, since devices are not aware of nearby devices appearing or disappearing. For
the sake of the advanced receivers operation and to reduce the control overhead, the discovery
signal should be designed with a fixed format. Furthermore, it should be transmitted with a fixed
and known modulation and coding scheme and using a single transmission stream (transmission
rank 1). The study will result in a performance comparison between traditional TDD half-duplex
systems (where only transmission or reception is possible at a time) and full duplex. The key
performance indicators of interest are:
• Discovery time, from a device perspective, in terms of average (see example on Figure
3-7) and CDF.
• Probability of collision: defined as the event of having more than one transmission in the
same orthogonal resource.
• Probability of decoding: possibility of decoding collided packets if receivers such as
MRC, IRC and SIC and/or coding techniques such as coded random access are
considered.

Figure 3-7 : Average discovery time of half duplex and full duplex depending on the deployed devices

The probabilities of collision and decoding have a direct repercussion on the discovery time. As
future work, the case where synchronization is not provided by the network is considered. In this
case, synchronization could be provided by a master device or "spread" from devices in the
proximity region to new devices entering the region. Furthermore, the case with devices
activating/deactivating may be considered. In the latter case, the key performance indicators must
be redefined.

3.1.2.2

Transmission modes and access schemes

For in-coverage mode, the D2D communication radio resources are scheduled or configured by
the serving eNB. And for out-of coverage mode, the D2D communication radio resources are
autonomously selected by the UE from the preconfigured resource pool. For this purpose two
pools have been defined: one for the scheduling access information (SA pool) and one to convey
data information. In mode 2, when selection of resources in the SA pool for transmission is done
randomly and independently among the UEs there is a fair chance for collision events (i.e., when
at least two UEs select the same resource) that can significantly degrade the probability of
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successful reception of either one of them. This problem has been investigated and a proposal to
adapt dynamically the number of transmission according to the load of the pools given as well as
a procedure to determine the pool load. This contributions are detailed in [R1-160485], [R1160486] and [R1-162754].
In addition to PS services, D2D communication has huge potential for other usages and services.
For example, the PC5 interface based V2V communication is now studied in LTE Rel-13. And
D2D communication based network offloading is also an interesting method to be detailed in
Section 3.1. Due to the nature of PS service, the current standardized D2D communication only
provides some basic communication mechanisms and has limited support for more advanced
transmission schemes such as those defined for the cellular links, namely downlink or uplink. For
instance, D2D communication has no HARQ support. In case of unicast communication, no
reference signals have been specially designed for the measurements of PC5 link quality and
channel state information estimation.
To support more advanced D2D based unicast communication for various purposes, it is
necessary to study the further enhancements for D2D communication schemes. As mentioned
above, HARQ support and PC5 link measurement and CSI estimation and feedback are interesting
aspects to be investigated. It is plausible that all the enhancements shall take into account both incoverage and out-of coverage modes. In case of in-coverage mode, some enhancements can be
assisted or controlled by the serving cell so as to achieve better signalling overhead or overall
system performance. More detailed enhancements will be studied in the future deliverable of this
WP.

3.1.2.3

Device-to-Device aided relaying

Network-assisted licensed-band D2D communications are becoming an attractive area of
investigation, with relaying and multi-hop D2D communications being a potential technology
enabler to boost system coverage and capacity [WHD+14]. Within FANTASTIC-5G we will
focus on relaying capabilities of D2D communications and enable the trunking of the uplink
traffic generated from less capable devices [RPP+15].

3.1.2.4

Network offloading techniques

We study offloading capability of D2D communication when combined with content caching. A
mobile network where a proportion of users have cache capabilities and, following some
incentives from the network operators, agree to share their local caches with other users is
considered. Users retrieve, in priority, contents from the caches of the neighboring devices using
single-hop and two-hop D2D communications, but, if the device does not find the desired content
among nearby devices, it will be downloaded directly from the Internet through the base station.
The offloading capacity and thus the resulting capacity enhancements depend on both the cache
performance and the quality of the D2D links.
We assume a state-of-the art caching solution: a pre-fetching mechanism where a bundle of
popular contents is pre-stored in device caches and renewed periodically when the popularity
distribution of contents changes. We suppose that this bundle pre-fetching occurs during periods
of low traffic, so that it does not increase the congestion at peak hours, leading thus to a kind of
traffic shaping. Once the caching scheme is fixed, we can find the probability that a specific
content is found in the cache of a neighboring device (i.e. the hit rates). These hit rates are then
used in a flow-level analysis (queuing model) to estimate network capacity. This analysis allow
us to find closed-form expressions for performance metrics like the user throughput and the
system capacity, for different network settings and also to find the optimum spectrum allocation
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schemes, maximizing the capacity of the cellular system with caching, for both one-hop and
multi-hop D2D scenarios.
The proposed scheme relies mostly on the existing LTE air interface components (PHY layer,
spectrum resources, scheduling etc.) and more precisely, on the main characteristics of the current
D2D feature in Rel-13 (Figure 3-8). However, the current Rel-13 D2D feature contains the direct
communication capability only for public safety applications. In order to enable the proposed
offloading mechanism, the signaling mechanism should be properly modified to allow for direct
communications for applications other than public safety. This signaling involves higher layers
(application layer in particular) so no modification at the PHY/MAC layer with respect to the
LTE-based D2D feature is required.

Figure 3-8 : Schematic view of the signalling exchange for network offload via D2D [T+14]

3.1.3 Outlook
The current work considers contributions on traditional D2D problems such as discovery and
communication mode selection; and extends the D2D connectivity functionality to new settings,
such as relaying and network offloading. The work on the elaboration of each of the presented
D2D components will continue, with the goal of reaching a harmonized and complementary
solution.
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3.2 Efficient Massive Access Protocols
3.2.1 Core Concepts
3.2.1.1

Motivation, Opportunities and Challenges

Massive access protocols are associated with the support of MMC core service. The objective is
to attach a large number of low-rate low-power devices, termed Machine-Type Devices (MTDs)
to the cellular network. There are multiple factors that demand increased number of connected
MTDs: the smart-grid, large scale environment and structure monitoring, asset and health
monitoring, etc. Typically, these MTDs connect asynchronously and sporadically to the network
to transmit small data payloads. These features present a significant challenge to current cellular
networks, whose radio access part was designed to deal with rather low number of connections
with high data requirements.

3.2.1.2

Type of Access Protocols and RRC states

Two types of access protocols are considered:
 One stage
 Two stage
These can be interpreted very differently, and can each contain several variants of access
protocols. What is meant by a one-stage access protocol is that both the access notification and
data delivery need to be done in a single transaction, e.g. by the use of 1 or several consecutive
packets or in a single transmission.
A two-stage access protocol allows the UE separating the access notification stage with its data
delivery stage. This leaves room for feedback and resource allocation to the UE from the eNB.
The feedback could be power control and timing alignment. An example of a protocol which can
be interpreted as a two-stage protocol is the RACH approach used in LTE. The two stage access
protocol could potentially also include service requests and allow scheduling of longer data
sessions. These two types of access protocols can lead to scheduled access mode, where the
devices after establishing a connection to the network; does not need to re-establish access in
future attempts.

3.2.1.3

The Signaling Challenges

LTE has been originally designed for very high user data rates, in particular in downlink, and for
the support of high velocities, but not for the seamless integration of massive access and small
packet transmissions. Recently, there has been also some work for better support of MMC in
3GPP regarding, e.g., device cost reduction and coverage extension. However, we have identified
the endless exchange of control signalling as one main problem in the existing LTE specification
hindering spectral and energy efficient support of MMC.
In case a UE in idle mode intends to send one single small packet, a cascade of signalling
exchange between UE, eNodeB and core network is initiated. The overall number of sent bits is
dominated by control information, and the actual data becomes negligible. This is illustrated in a
simplified view in Figure 3-9, where each of the three arrows itself is composed of several single
messages on different layers. We envisage lean and efficient protocol stacks in 5G for MMC use
cases without sacrificing performance and security
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Figure 3-9 : Schematic view of required signalling exchange in LTE

In the following some first promising approaches are listed:
 The Random Access Response (RAR) in LTE consists of 56 bits for each UE that has
sent a detected preamble. Essentially, the RAR comprises a temporary identifier, a time
offset value, and a grant for the subsequent signalling message. While for the one-stage
access protocol the RAR can be omitted completely, the contention-based two-stage
variant combined with UF-OFDM can significantly reduce this overhead. As tight uplink
synchronization for small packets is not required anymore due to the spectral properties
of UF-OFDM, the individual RARs can be compressed to one single broadcast feedback
message valid for all UEs. We expect a reduction of the overall RAR bits of at least factor
10. This broadcast message is further detailed in Section 3.3.
 The transition from idle mode to connected mode and vice versa must be simplified or
even avoided. Connectionless transmission of small packets from UEs once registered
and authenticated in the network may reduce the required number of signalling messages
significantly. In this case the small packet must comprise both source and destination
addresses.
An important component in the reduction of the required signalling, upon connection
establishment, is the addition of new RRC states such as the RRC Extant (as described in Section
2.1.2) which will allow the devices to maintain the security context active over a long period. The
main outcome will be allowing one-stage and two-stages access protocols to reutilize this and
therefore reduce the signalling overhead.

3.2.1.4

The Physical Layer Challenges

The main physical layer challenges for massive access are tightly connected to the design of the
waveform and the frame that are discussed in IR 3.1 as well as MAC layer which is the focus of
this section. An integrated view and design of all involved technologies is required to solve the
challenge of massive access. Focusing on the MAC protocols that are envisioned for massive
access the specific PHY challenges are





Resolution of collisions for random access protocols
Robustness against asynchronicity
Integration with a MAC protocol to allow two-way tuning of the PHY as well as MAC
side to the current cell requirements
Robustness against high dynamic power range at the receiver

Most random access protocols suffer from collisions either as an intended effect that is to be
exploited or as a limiting factor. Physical layer technologies that are able to resolve more
collisions through advanced receiver processing like SIC are therefore explicitly enhancing the
performance of the system. Furthermore, the performance of such technologies in different fading
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scenarios as well as under the assumption of asynchronous communication strongly determines
the performance baseline of all MAC protocols based on specific PHY solutions. Therefore, the
PHY technologies as well as the MAC protocols should both be flexible through simple tuning
interfaces that allow for adaptive MAC/PHY processing according the QoS requirements and the
cell load in terms of MMC traffic.

3.2.2 Physical Layer Enablers
3.2.2.1

Compressive Sensing Multi-User Detection for MMC

By now it is well established that MMC requires novel MAC and PHY technologies with very
low signaling overhead to handle the huge number of access terminals in a resource-efficient way.
On the MAC protocol side direct random access has been proposed to cope with the massive
number of access with low signaling overhead using enhanced protocols that exceed the limited
throughput of slotted ALOHA and similar classic schemes. As outlined in the physical layer
challenges (see above) a tight integration of said new MAC protocols with novel PHY processing
is needed to further enhance the joint MAC/PHY concept. In METIS the novel MAC protocol
Coded Random Access (CRA) and the novel PHY concept Compressive Sensing Multi-User
Detection (CS-MUD) have been proposed separately at MAC and PHY [MET13-D22] [MET14D23], but also a first evaluation of the joint concept has been started [JSC+14]. First results were
very promising with a gain of approximately 10x the number of users supported over LTE Rel. 10
in METIS Deliverable 2.4 [MET15-D24]. Therefore, bringing the already mature CS-MUD
towards system implementation, designing new PHY techniques and joint designing MAC and
PHY for MMC is one of the focuses of FANTASTIC-5G work.

Figure 3-10 : General setup of CRA with CS-MUD with BS processing of joint protocol

To summarize previous results Figure 3-10 illustrates the concepts of both CRA and CS-MUD
and their connection. We consider that 𝑁 UEs are roughly synchronized on a slot basis and
contend to access the BS within a contention period of 𝑀 slots. The CRA protocol is designed
such that each UEs active in a contention period will access a random number of slots to send
packet replicas all containing its own same data. Depending on the activity level of the UEs there
will be collisions which have to be resolved. CRA is based on the assumption that in some slots
only a single UE will be active and can therefore be decoded. Following such an initial success
iterative interference cancellation along the graph shown in the lower part of Figure 3-10 can
resolve further slots step by step through cancellation of known replicas. From the PHY
perspective collision can principally be resolved by Multi-User Detection (MUD) that should
enhance the performance of CRA considerably such that also non-singleton slots become
decodable. The structure of the MUD problem, however, is special in this setup. UEs will only be
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active occasionally which leads to a physical layer model where all active UEs in a single slot
transmit symbols from a known modulation alphabet and inactive UEs can be considered as
transmitting zeros. Then, formulating a multi-user detection model to detect the multi-user vector
x as shown in Figure 3-10 leads to an estimation problem with many zeros indicating inactive
users in a slot. Such a sparse MUD problem can be nicely solved through CS-MUD that exploits
the sparsity of the UE signals and achieves joint activity and data detection facilitating efficient
collision resolution together with the successive interference cancellation through replicas as
depicted in the right part of Figure 3-10. Note that even without CRA the usual assumption of
sporadic user activity will lead to such a sparse MUD problem.

Figure 3-11 : Link-level system throughput 𝑇 as average served UEs per slot; 10 ≤ 𝛽 ≤50; number of UEs N = 128; data
packets are spread by CDMA with spreading sequence length Ns = 32; received power of all UEs is assumed to be the
same on average via, e.g., power control; upper bound: optimum throughput with IC in semi-analytical evaluation; lower
bound: link-level simulation without IC

Previous results from METIS analyzed CS-MUD and coded SA semi-analytically and could show
that both technologies are well matched and together can achieve up to 10x more served users
than LTE Rel. 10 [MET15-D24]. To follow up on this preliminary results and to gain further
insights on the link-level performance of the joint PHY/MAC protocol a fully numerical
simulation has been evaluated. Initial results are plotted in Figure 3-11 including the upper bound
and lower bound of the throughput 𝑇, i.e., average served UEs per slot. The upper bound is given
by the METIS semi-analytical result [JSC+14], the lower bound is given by a pure CS-MUD
setup without CRA und successive interference cancellation. Here, 𝛽 is a system parameter of
CRA that controls the average number of active UEs per slot. Apparently, significant gains can
be achieved through the combined CRA and CS-MUD processing for different 𝛽. However, the
number of required slots is mostly in the range of 1-2 slots, which indicates that replicas are almost
never required for high throughput performance. Instead, with sufficient spreading resources in
the PHY layer, CS-MUD solves most of the collisions and provides large gains with interference
cancellation. With higher β leading to insufficient spreading, more slots are required to obtain
larger throughout gain, which indicates that there is a balance between resources from MAC
(number of slots) and PHY (spreading) can be achieved by tuning the system parameter β.
Furthermore, the theoretical upper bound is never reached which indicates that some assumptions
in the initial analysis were too optimistic and hence a refined analysis is required. Finally, the
link-level performance highly depends on the specific CS-MUD algorithm, which will be the
focus of further investigations as well. Additionally, analytical performance bounds for CS-MUD
will be investigated to deduce design rules, optimize joint PHY/MAC schemes and to enable
system level simulation of CS-MUD.
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Efficient Massive Access based on Compute and Forward

We here assume a dense network infrastructure and a large number of machine type devices. In
the first phase we assume that the active devices have been successfully detected. But due to the
massive number of devices the collision probability is high. We propose and investigate an
approach that harnesses interference. More precisely our approach is based on physical-layer
network coding which enables the network to exploit channel collisions by decoding linear
combinations of the transmitted messages from different transmitters that access the channel
simultaneously.
Consider a network that comprises multiple receivers (e.g. mini base stations, relays, road side
units, etc.) connected to a central processing unit (e.g. CRAN). Assume that on a given resource
element (or group of resource elements) certain devices have been detected as active. Further
assume that multiple relays receive linear combinations of the signals transmitted by the active
devices, as depicted in Figure 3-12. The relays process the received linear combinations and
forward those to a central processing unit. The central processing unit then estimates the
transmitted messages based on the processed linear combinations. We are comparing that
approach with a random access protocol based in coded slotted ALOHA. In the first stage of the
project we take the following assumptions: Perfect synchronization in time and frequency, no
coordination between devices or relays, no channel state information at the transmitters (devices),
all nodes are equipped with a single antenna, all devices transmit at an equal rate.

Figure 3-12: Toy example for the proposed compute and forward technique

We present a numeric example to highlight the performance gains that are possible with the
developed technique. Consider the following system setup (depicted in Figure 3-12). K=4 devices
simultaneously transmit on the same resource. Linear combinations of the transmitted signals are
received by M=4 relays. The messages are encoded using a short LDPC channel code with a
message length n=128 bit and a code rate of R=1/4. The encoded data is modulated using a QPSK
modulation alphabet. The channels are modeled as block fading Rayleigh channels, i.e., the
channels stay constant for the transmission of one codeword. In Figure 3-13, we depict the
achievable throughput per active user per channel use over the average receive SNR. We observe
that the proposed compute-and-forward scheme clearly outperforms coded slotted ALOHA for
SNR > 0 dB. Coded slotted ALOHA cannot make efficient use of the additional relays. The
proposed compute-and-forward based random access can also be implemented with a single relay.
In this case additional frequency resources can be used to transmit replicas of the same signal and
to obtain a sufficient number of equations to decode the messages.
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Figure 3-13 : Comparison of the proposed compute-and-forward (CF) based random access with coded slotted ALOHA

3.2.2.3
Coding

Coded Random Access with Physical Layer Network

As introduced in the previous section, random access schemes that exploit Physical Layer
techniques based on SIC are strong candidates for MMC. Following a similar approach to the
schemes introduced above, the project is also considering Coded Random Access schemes that
exploit Physical Layer Network Coding (PLNC) processing.
In particular, we investigate the feasibility of Coded Random Access with PLNC for massive
access, with special emphasis for short packets transmissions. The proposed scheme assumes a
minimum coordination that ensures packet synchronization. The strategy focuses on collision
resolution in a frame slotted ALOHA medium access scheme, where a large number of users
contend to the access medium in a given time slot. The proposed scheme exploits two features of
coded schemes: the first one related to the property that in the finite-field 𝔽2 even if the individual
messages are not correctly decoded the bitwise XOR of a set of messages can be; the second one
exploits the increase in the diversity order of a linear system of equations if defined over extended
Galois Field 𝔽𝑞 , with q being the field order. The scheme aims at decoding as many linear
combinations of messages both at slot and frame level, so that collisions can be resolved. In
particular it investigates different receiver schemes based on interference cancellation, joint
decoding with PLNC decoding and additional linear processing at frame level. This scheme
differs from other solutions explored within FANTASTIC5G in two aspects: one being the more
elaborated receiver processing, performed at individual slots performs joint decoding and also
retrieves additional linear combinations of messages in PLNC fashion which can be exploited at
slot and frame level; the second, allowing for a higher order finite field processing at frame level
which increases system diversity. In principle, the linear precoding at frame level enables the
system to resolve collisions without the need for having at least one slot reception with a single
packet and no collisions. Furthermore, standard successive interference cancellation can be
combined with the proposed scheme to reduced receiver complexity. Details of the system model
are provided in the annex G.
Next we provide results under perfect user detection and channel state information assumptions.
It is known that SIC techniques suffer from error propagation, hence the evaluation of
performance receiver complexity trade-offs will need to be characterized under specific user
detection schemes. First we provide results on the diversity gain evaluation for collision resolution
on a slot-basis and throughput performance after frame processing. Then, we describe the
signaling scheme envisioned to enable user identification and channel estimation. Throughput
results include the physical layer implementation over the random access channel. Being the focus
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on short packet transmission, the channel coding selection relies on very short codewords. Details
are provided in the annex G.
We consider the uplink channel where M user terminals may communicate with the access point
in a random access fashion. We assume that K active users contend for the media in a given timeframe formed by Nslots. In annex G we illustrate a possible configuration with 4 active users
transmitting 2 packets per frame at randomly selected time slots. The subscripts in 𝐱 𝑘,𝑠 denote
user index and slot index where the packet is transmitted. The main principles of the coded
random access scheme apply to generic user packets distributions. Not necessarily all users shall
have the same level of redundancy. However, for the initial analysis we consider the same level
of redundancy for all active users (set to 2 replicas per user message). Note that by replicas we do
not necessarily mean the exact packet but that for each user message to transmit over the frame
there are 2 packets sent over 2 different slots within a frame.
We assume users apply the same channel code and modulation scheme. This is a relevant
assumption in terms of its impact on the system design that will be held along the project.
The performance at the time-slot level is measured in terms of innovative packets or number of
independent packet combinations available at each time-slot. The number of innovative packets
is computed as the rank of matrix A per time-slot. We have considered four receiver
configurations ranging from well-known standard separate user decoding and successive
interference cancellation to more advanced receivers that implement joint decoding and linear
packet combination decoding. More specifically,
a) Separate decoding: in this case the receiver performs K independent decoding attempts
assuming the collisions as interference.
b) Successive interference cancellation: the receiver applies standard successive
interference cancelation. It orders the users according to their channel quality (SNR) and
attempts single user decoder as in a), if successful, it cancels the correctly decoded packet
at symbol level and continues the process for the next user.
c) As in b) but with the remaining users, the receiver also tries to decode linear packet
combinations from a subset of users to then solve the linear system of equations. The
decoder for the decoding of subsets of linear packet combinations is the same as the
single user decoder. What changes is the calculation of the soft-input L-values.
d) Joint decoding followed by linear packet combinations decoding.
Results are depicted in Figure 3-14 for 2, 3, 4 and 5 colliding users at each time-slot. Simulation
results are performed for the binary case, that is, with no precoding, for 1000 channel realizations
over a block Rayleigh fading channel. The results indicate the advantage of exploiting linear
packet combinations even for a small number of user collisions. If we allow additional
complexity by performing a joint decoding the gains are significant with increasing gains as the
number of colliding users increases.
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Figure 3-14 : Per slot diversity for different receiver schemes.

Based on the proposed random access configuration, the normalized throughput, in average
number of correctly decoded messages per time slot, is numerically evaluated for a frame size of
10 time slots and a level of redundancy of 2 packets per message. Simulations results are shown
for different receiver configurations evaluated over the same realization. The analytical
throughput for slotted ALOHA is shown for reference. Note that the number of collisions in a
time slot realization can reach a significant value (e.g. 20 for G=2). Since under perfect user
detection and channel estimation we have observed that the joint decoder and the joint decoder
applied after SIC reaches the same degree of collision resolution (innovative packets), for the
throughput numerical evaluation we have implemented the reduced complexity variant, i.e. the
joint decoder is applied after a first stage SIC, followed by the decoding of linear combinations
of messages. The average throughput in Figure 3-15 is shown for low and moderate SNR values,
5dB and 15 dB, respectively. We shall remark that for the illustrative results if the number of
packets colliding in a slot exceeded 6, it was considered an erasure had occurred. Hence,
additional gains could be observed if no complexity constraints are in place.
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Figure 3-15 : Throughput of random access with joint decoding and PLNC processing.
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Figure 3-16 : Throughput of random access with joint decoding and PLNC processing with pre-coding in extended
Galois Field.

In Figure 3-15 no actual precoding is used. Simulations are also performed for the same scenario
including the use of random precoding over extended Galois Field. In particular, Figure 3-16
depicts the average throughput when precoding coefficients are randomly selected from 𝔽4
(dashed) as compared to no precoding (solid). One relevant observation from simulations based
on the actual implementation of the physical layer is that the expected gain of higher-order
precoding has not materialized. Further analysis is required to reach a final conclusion.
Mechanisms to determine colliding users and perform channel estimation are also being
considered based on sparse signature sequences. The main goal is first to characterize the level of
collisions the scheme can support, focusing on coding and decoding aspects. Hence, the analysis
will be carried out under the assumption of power control being in place; with users experiencing
similar SNR (variations due to fading effects will be taken into account). The effects of imperfect
power control will be considered in terms of channel estimation errors.
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3.2.2.4
Non-Orthogonal access with Time-Alignment Free
Transmission
LTE based on OFDM waveform requires tight synchronization of multi-user signals transmitted
simultaneously in the UL. To ensure tight synchronization in time, a timing advance (TA)
procedure is used in LTE, yielding signals transmitted by different users to arrive at the BS at the
same time. Moreover, UL access in LTE is scheduled, letting users transmit their signals on
resources that have been assigned by the BS beforehand. TA estimation and adjustment as well
as scheduling are performed during the connection setup phase, which is carried out before any
data transmission is started. LTE-like data transmission with its preceding connection setup phase
is illustrated in Figure 3-17 (left).
For MTC type transmissions characterized by sporadic traffic of short package transmissions, the
connection setup phase before each transmission would yield a substantial signalling overhead
and comparatively large delays for the transmission. The pulse shaped OFDM waveform
investigated in [FAN-D31] supports asynchronous data transmission if an appropriately designed
pulse shape is used, and thus facilitates multi-user UL data transmission that does not need any
TA. Moreover, coupling this waveform with an SDMA multiple access scheme relying on
multiple antennas at the BS, a grant-free transmission can be enabled, where users do not need to
be assigned to dedicated resources for transmission, but simply transmit their signals on randomly
chosen resources. Given that the users’ channel signatures can be properly estimated (by using
unique preamble signals as in LTE UL or unique pilots patterns as in LTE DL coupled with the
data packet), potential collisions of multi-user signals can be conveniently resolved at the multiantenna BS by making use of MIMO-MMSE detection schemes based on sphere decoder and
successive interference cancellation (SIC).
With grant-free and TA-free uplink access, a one-shot signal transmission is enabled, as shown
for single- and multi-user access in Figure 3-17 (right). This scheme will be integrated on system
level assuming a network of macro-cell BSs and multiple UEs transmitting with different power
levels and transmit delays according to their distance to the BS. Comparing this scheme to the
LTE reference case shown in Figure 3-17 (left), the gains in terms of latency reduction and the
number of connected devices will be evaluated for different levels of mobility. Main focus will
be on the reception by a single BS; however, cooperative reception of multiple BSs (like in CoMP)
will be considered optionally. First system level results obtained from preliminary evaluations are
very promising, showing delay reductions of 18 ms and an increase in the number of connected
devices by up to factor 2.4 for moderate velocities (30 km/h) [ZSW+15].

Figure 3-17 : Random access procedure: LTE with connection setup (left) and one-shot transmission (right)

3.2.3 Medium Access Control Layer Enablers
3.2.3.1

Efficient protocols for massive access

We consider mainly three aspects of efficient protocols for massive access: (i) the use of
signatures to perform access; (ii) evaluation of when should one or two stages random access
protocols be used; (iii) one model of random access in an enhanced MIMO system, which treats
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pilot contamination as a collision and benefits from coded random access techniques to minimize
the effect of pilot contamination.
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Figure 3-18 - Access signature generation from LTE preambles

We start with (i) the signature based access. We propose a new access concept based on signatures
and Bloom filtering [PSMP-16]. The concept is rather general, but here we are showing how it
can be applied to reengineer the contention phase of the access reservation protocol in LTE-A. In
the proposed method, instead of contending with a single preamble in a random access
opportunity (RAO), the devices attempt access with a signature codeword, constructed by
transmitting a sequence of preambles in consecutive RAOs, as depicted in Figure 3-18.
This access procedure allows the network to learn the identities and connection establishment
causes of the contending devices already at the beginning of the access reservation protocol,
allowing to skip some of the steps in the traditional access reservation procedure; as depicted in
Figure 3-19.
MTD

eNodeB
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eNodeB
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2. RRC Connection Setup

3. RRC Connection Request
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Figure 3-19 - (a) LTE-A connection establishment protocol optimized for MTC and (b) signature-based modification of
LTE-A connection establishment.
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Figure 3-20 – Comparison of the resource utilization (Goodput) between the LTE-A connection establishment protocol
optimized for MTC and the signature-based modification of LTE-A connection establishment.

One of the main contributions is that we introduce and analyze the method for generation and
detection of the signatures, such that the eNodeB is able to infer the identities of the contending
devices. We show that this type of access is able to reduce signaling, improve resource utilization
(see Figure 3-20 where it is shown how efficiently are the system resources used in the access
scheme) and achieve lower latency (see Figure 3-21) in comparison with the LTE-A access
reservation protocol [PSMP-16]. Another important aspect of this protocol is that retransmissions
of the access preambles are inbuilt in the access protocol.

Figure 3-21 - Mean latency of the 3GPP scheme, random signature construction and the proposed signature
construction at different stages of the access procedures.

In regards to (ii), which focuses on what is the most efficient random access scheme, it is clear
that more signalling overhead and more contention-free resources are introduced when moving
from a one-stage to a two-stage. The access procedure is also lengthened by the use of more
packets to be exchanged, so delivery time increases and so does power consumption used for
communication. However, by allowing the eNB to schedule the resources, the spectral efficiency
can be increased so the resources available in the network are better utilized. There are different
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reasons to use one access protocol over the other, but there might not be a single right choice. The
best choice of random access protocol will depend on the network load conditions and which
performance indicator one aims to optimize. This subtask will try to provide answers to which
random access protocol (one-stage or two-stage) to use under which load conditions and which
performance indicators. The goal is to identify break points (see Figure 3-22) between the access
protocols indicating when one access protocols is more efficiency than the other. The network
load conditions will be defined in terms of the UE density, UE activation statistics and UE payload
statistics. The performance indicators will be in terms of UE delivery latency, UE energy
efficiency and network spectral efficiency.

Figure 3-22 : Illustration of network load conditions and performance indications graph used to identify breakpoints
between access protocols

To perform this evaluation it has been chosen not to do so by means of analytical expressions, or
full scale system simulators. Instead a small evaluation script is to be developed. This evaluation
script is still under development.
Finally in (iii), the general goal of applying random access in an enhanced MIMO setting, is the
definition of models and protocols for the access from a massive number of terminals to an
enhanced MIMO system. Details on this contribution and extended list of references can be found
in [DBL+16].
The terminals have intermittent traffic so that the BS does not know which terminals have data to
transmit at a given time. The number of terminals 𝐾 associated to a BS is much larger than the
number of terminals active at a certain instant. Under such assumptions, a coordinated allocation
of orthogonal pilot sequences within a cell cannot be applied. A solution based on random access
becomes more practical, where random access is performed to a set of orthogonal pilots within a
cell and mutual orthogonal (or quasi-orthogonal) pilots are assigned across the nearby cells.
Hence, pilot contamination occurs within a cell but not across cells. This model covers the
traditional massive MIMO cellular scenario but also other important scenarios in 5G, such as
crowded scenarios (e.g., stadium) and hotspots [FT13]. Another emerging scenario is where a
crowd of sensors occasionally and at random time instants transmits data to a common access
point. Communications that are not delay-sensitive are targeted.

Figure 3-23 - Example of the transmission frame. Four terminals 𝑻𝟏 , 𝑻𝟐 , 𝑻𝟑 , 𝑻𝟒 , and two mutually orthogonal pilot
sequences 𝒔𝟏 , 𝒔𝟐 are considered. Transmission of a codeword is done over multiple channel fades
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The structure of a UL transmission frame is displayed in Figure 3-23. The channels are estimated
from uplink pilots and one data codeword is sent over multiple time slots. In a given UL time slot,
each terminal decides randomly whether or not to transmit, independently from the other
terminals. The transmission activation probability is 𝑝𝑎 . The terminal selects a pilot sequence
uniformly at random from the pool of 𝜏𝑝 available pilot sequences. Collisions can thus happen in
the pilot domain. In each UL slot, the pilot phase is followed by a data phase, i.e., transmission
of a part of a codeword. The whole codeword is sent over multiple slots. For an asymptotically
large number of time slots, the whole codeword is affected by an asymptotically large number of
channel fading realizations, pilot collisions, and interference events. Relying on the ergodicity of
such a process, performance can be characterized through a lower bound on the ergodic capacity.
We assume that the BS can determine exactly when the terminals were active; details on the
terminal identification within a UL frame can be found in [DBL+16].

Figure 3-24– Average sum-rate performance bounds 𝐑 𝟏 , 𝐑 𝟐 , 𝐑 𝟑 evaluated at optimized values of the number of training
sequences 𝛕𝐩 and the activation probability 𝐩𝐚

Three performance lower bounds on the ergodic sum rate are computed. Their derivation accounts
for channel estimation errors due to the receiver noise and pilot collisions and assuming MRC
during the data phase. The first bound, 𝑅1 , is tight but necessitates Monte-Carlo simulations to be
evaluated. The second bound, 𝑅2 , does not require Monte-Carlo simulation but its tightness
depends on the distribution of the channel energy across users. The third bound, 𝑅3 , is relatively
loose, but analytically simple and follows the variations of the ergodic sum rate well. This bound
is used in this work to optimize the pilot length 𝜏𝑝 and the activation probability 𝑝𝑎 . Scaling laws
are established assuming the total time slot duration 𝜏𝑢 ≫ 1 and the average number of active
users 𝑝𝑎 𝐾 ≫ 1. Denoting 𝑀 as the number of antennas of BS:




If 𝑀 ≫ 𝜏𝑢 : the sum rate scales as 𝜏𝑢 .
If 𝑀 ≪ 𝜏𝑢 : the sum rate scales as 𝑀.
If 𝑀~𝜏𝑢 : the sum rate scales as √𝜏𝑢 𝑀.

Notice that when 𝑀 and 𝜏𝑢 are comparable, the optimal number of pilot sequences and average
number of active terminals becomes comparable.
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Figure 3-24 shows the three bounds evaluated at the optimized value of the number of training
sequences 𝜏𝑝 and the activation probability 𝑝𝑎 , as a function of 𝜏𝑢 , for 𝑀 = 100 and 𝑀 = 400.

3.2.3.2

One-Stage vs. Two-Stages Access Protocols

The description of MAC layer enablers for one-stage and two-stage access protocols as previously
detailed assumes the principle communication scheme shown below in Figure 3-25. This section
summarizes the required Transport Channels.
....
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Figure 3-25 - Principle communication scheme of the proposed one-stage and two-stage access protocols

A Downlink Broadcast Channel (BCH) is needed for signalling of the configuration (C) of the
system and the feedback information regarding the assignment of radio resources (F). The flexible
configuration (C) must comprise
 Indication of the available resources for preambles (PRACH), i.e. the information in
which TTIs and in which frequency sub-bands preambles can be sent. This information
is not only valid for MMC, but for all service classes.
 The indices of preamble sequences that can initiate one-stage and two-stage access,
respectively. If both protocol variants coexist in the same system, the available preambles
must be split up in two disjoint subsets.
 The indices (TTI and frequency sub-band) of the corresponding data resources that are
addressed with the preambles. In case of the one-stage variant of the protocol, each
preamble index is uniquely tagged to one single data allocation in the PUSCH. For the
two-stage variant of the protocol, the additional option of pooled resources is possible.
In this case each preamble points to more than one single data allocation, and the base
station has some flexibility to assign a free allocation to a user.
 The expected transport format (code rate and modulation scheme) for each of the
available data allocations. The UE will estimate the link quality based on the downlink
and chose a preamble pointing to data allocations with an appropriate transport format.
Another main MAC layer enabler for MCC is the basic principle of a broadcast feedback (F)
instead of UE individual messages like the Random Access Response (RAR) in LTE. This
becomes possible because, through the usage of UF-OFDM, tight uplink synchronization and
consequently the exchange of individual time offsets are dispensable. The main characteristics
and benefits of UF-OFDM are introduced in [FAN-IR31]. The feedback (F) is only present in the
two-stage variant of the protocol. It comprises information related to the assignment of data
resources. This can be a simple ACK/NACK if a preamble index is uniquely tagged to one single
data allocation, or, alternatively, the index of the data allocation (TTI and frequency sub-band) if
a preamble points to a pool of resources. The feedback can be also composed of a queue length
and a binary vector indicating the detection (yes or no) of the preambles in case a queuing scheme
is utilized as feedback format.
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For the sake of completeness, a Downlink Shared Channel (DL-SCH) is needed for the
acknowledgement (A) of a successful data transmission. This acknowledgement must comprise
an identifier of the UE, e.g., the C-RNTI, if the data transmission was contention-based, i.e. if no
collision resolution mechanism was applied prior to the data transmission. In the uplink, a
Random Access Channel (RACH) is needed for the preamble transmission (R). Moreover an
Uplink Shared Channel (UL-SCH) is required for the actual data transmission (D).
The possibility for prioritization of services is another MAC layer enabler. The general scheme
shown in Figure 3-25 does not distinguish between service parameters. Means for prioritization
may be






Definition of sub-sets of preambles (R) for exclusive usage by a certain service or UE
class. Consequently, different services don’t interfere with each other. An overload
situation of one service does not impact the performance of other services. The drawback
is wastage of resources if reserved preambles for a specific service cannot be utilized
otherwise when needed.
Barring of services depending on the current load situation. If the number of detected
preambles exceeds a certain threshold, the base station may send out an indicator
preventing certain services or device classes from access attempts. This may lead to a
bad perceived performance for less important services.
Multi-preamble and data transmissions. This prioritization scheme allows mission
critical services to send out several preambles (R) and data packets (D) simultaneously.
The benefit for mission critical services is a significantly higher success probability,
while the overall performance regarding throughput and delay is slightly degraded. The
application of this scheme therefore requires a tight control of the number of mission
critical devices.

A detailed evaluation of various implementation options of the one-stage and two-stage access
protocols for MMC and MCC is subject to further investigation.

3.2.3.3

Fast Uplink Access Protocols and Signaling

A new study item “Study on latency reduction techniques for LTE” (LATRED) has been proposed
in [RP-150465] for LTE release 13 with the objectives to significantly reduce the packet data
latency over the LTE air interface for an active UE and UEs that have been inactive for a longer
period (in connected state). The solutions as outcome of this SI are supposed to improve the
system responsiveness, increase the average throughput and reduce the L2 buffering requirements
of UE and eNBs for very high data rate services.
A number of solutions for this SI have been proposed by several companies, and are documented
in [TR36.881 v0.5]. Most of these solutions in [TR36.881 v0.5] assume that UEs first establish
the RRC connection with the network via legacy procedure. The key enhancements of these
solutions enable UEs to perform the fast uplink data transmission in the sense that each UL data
packet arriving at MAC buffer can be transmitted immediately without being scheduled by the
dynamic UL data grant from the serving eNB. As a result, the uplink data latency is significantly
reduced. It is obvious that reduced latency is an essential KPI for MCC core service. Moreover,
MMC service can be also positively impacted by fast uplink data transmission in terms of UE
battery life since UE does not need to transmit the scheduling request and monitor the UL data
grant for the first UL HARQ transmission.
One enhancement in [TR36.881 v0.5] is proposed to shorten the minimum periodicity of semipersistent scheduling (SPS) to 1ms so that SPS configured UE can transmit UL data packet in
every TTI of 1ms. Another enhancement is to allow UE to skip the configured transmission when
no data is available in the UE MAC buffer. The combination of these two enhancements enables
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UE to transmit the UL data at any time short after data arrives at the MAC buffer. To improve the
resource utilization, especially for MMC service where a vast amount of UEs need to be served
in the cell, multiple UEs can be configured with the same radio resources for the fast UL data
transmission. It is natural that such contention based UL data transmission may cause data
collision and HARQ retransmission of failed data packet shall be required.
It is obvious that the above mentioned solutions are backwards compatible, and can be readily
supported with the good coexistence of legacy LTE UEs. Specifically, contention based UL data
transmission scheme seems to be a good enabler to reduce latency and improve resource
utilization. From system performance point of view, it is beneficial to reduce the possibility of
data collision and BLER of collided data packets. It is envisioned that such design objectives may
be achieved by smart resource allocation in combination of sophisticated multiuser detector in the
eNB which is already required for UL MU-MIMO reception. The detailed study shall be
conducted in the future deliverable of this WP.

3.2.4 Outlook
In this section several proposals on how to realize massive access have been presented. We
summarize these in Table 3-1, where we note that all solutions have both a PHY and MAC
component and therefore can be seen at this point as standalone. The plan is to compare and
combine the strengths of each of these solutions, so to obtain robust solution.
Table 3-1: Proposed massive access solutions.
Name

PHY

MAC

Joint PHY & MAC design

One-Stage

Two-Stages

Compressive Sensing Multi-User Detection

X

X

Yes

X

X

Slotted Compute and Forward

X

X

Yes

X

X

Coded Random Access with Physical Layer
Network Coding

X

X

Yes

X

(X)

Non-Orthogonal access with Time-Alignment
Free Transmission

X

X

Yes

X

X

Signature Based Access

X

X

Yes

X

X

One-Stage vs. Two-Stages Access Protocols

X

X

Yes

X

X

Fast Uplink Access Protocols and Signaling

X

X

Yes

X

X

3.3 Efficient and Flexible Support for Broadcast and
Multicast Transmissions
3.3.1 Core Concepts
3.3.1.1

Motivation, Opportunities and Challenges

Delivery of multimedia content, but also other services like file distribution services, software
updates, delivery of emergency messages/public warning, etc. can benefit from an efficient and
reliable integration of broadcast and multicast services with mobile broadband wireless networks.
This poses some challenges in terms of signalling and physical layer design.
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The Signaling Challenges

Before establishing a broadcast or a multicast session, the base stations needs to know if the
upcoming program is of interest to a sufficiently high number of users in the cell. This information
leads to an important decision on the resource usage: the required content can be delivered using
broadcast or using unicast. If the number of users is small then the base station can use resources
more efficiently transmitting the content to each user separately using a tailored (usually high)
modulation and coding scheme. When the number of interested users increase it becomes difficult
to efficiently serve all of them in a unicast mode and the multicast becomes more convenient. A
possibility is to consider a scheme where we send all the required information to users and know
which users are interested in the broadcast session. The mechanism used to estimate the number
of interested users is called counting. Counting can be carried out by announcing an upcoming
service and receiving notification from users that are interested. 5G will support a very high
number of users and innovative ways of counting using estimation instead of the complete survey
among a large number of users may be needed.
Once the decision to start a multicast session is taken users need to be informed of the position of
the resource blocks that carry the desired content. The signalling content is designed to be more
robust than the data content in order to ensure the correct detection of the former since the later
depends on it. Different designs are possible but the simplest one is to have a fixed position for
an initial entry point to the signalling. This entry point gives the modulation and coding of the
signalling and its position. The signalling is detected first and the position and modulation and
coding schemes of different multicast content is extracted. Once the position of a desired content
is defined then the UE can start the decoding of the data.
Since the broadcast and multicast content is aimed to be delivered to a large number of receivers
the selection of modulation and coding scheme plays a central role. A very high modulation and
coding scheme is advantageous in terms of throughput and delivery time. However, some users
may not be able to decode the content because of deep fading or lower channel quality. On the
other hand, a very low modulation and coding scheme guarantees that all users are able to decode
the content. However, the delivery time will be very high since the throughput is very low. In
order to take a decision on the optimal modulation and coding scheme, the base station needs to
have access to channel qualities of each user via channel quality indicators (CQIs) for example.
Depending on the CQIs distribution, it may be useful to use a higher modulation and coding
scheme that is not decoded by all users. These marginal users will then be served using
redundancy on demand or ACK/NACK retransmission. This idea will be explained further in the
sequel.

3.3.1.3

The Physical Layer Challenges

Analysis of emerging trends in user behaviour and demands for multimedia services [ITUR15]
expects 5G networks to support many more users per cell than current deployments, requiring
that proposed solutions allow as well the scalability of networks. Furthermore, despite it is
somehow acknowledged that use cases and requirements may vary considerably, ubiquitous
coverage appears to be a common requirement. Hence, delivering multimedia broadcast and
multicast service over single frequency network to support larger distances is an appealing feature
for 5G network solutions.
On a more practical aspect, considering the provision of multicast/broadcast services through
mobile broadband cellular networks, current LTE eMBMS exhibits some limitations. On the one
hand eMBMS has low Doppler spead tolerance; hence challenging the support for mobility users.
Also the cyclic prefix supported lengths limit the service coverage to few km. On the other hand,
frame structure design was driven by multimedia services where long codewords were preferred
to fully exploit channel coding gains. However, future broadcast services are envisioned to
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support diverse requirements, going from the extremely reliable and robust emergency alerts
associated to public safety services to high reliability and low latency required by online gaming;
challenging the physical layer and air interface to make a flexible and an efficient use of the
spectrum. Furthermore, eMBMS services do not fully exploit the spatial dimension nor do they
support schemes that require feedback information.
Standardization bodies (cellular, terrestrial broadcast services and satellite services) are devoting
efforts to integrate cellular and terrestrial infrastructures to improve the provision of broadcast
services. Some initial efforts have been devoted to frame structure design in order to
accommodate several air interfaces, as it is the case of the Future Extension Frame (FEF) DVBT2 [ETSI.EN302.755]. Others have focused on the design of a new physical layer, such as the
ATSC [S32-230r21].
In line with these trends, non-orthogonal transmission approaches are being considered as a
promising solution to multiplex different services under common physical layer resources,
increasing network throughput and efficiency. The recently coined NOMA scheme has shown
promising throughput gains in LTE downlink by exploiting differences in users channel quality
(SNR) and applying suitable power allocation and successive interference cancellation (SIC) at
the receiver side [SKB+13]. In fact, NOMA applies the well-known superposition coding solution
from information theory, which achieves the broadcast channel capacity for single antenna
systems [COV]. However, the capacity and the capacity achieving transmission technique for the
MIMO broadcast channel are in general unknown. When the channel is fixed it is known that
dirty paper coding [Cos83,CS03] achieves capacity. However, even in this particular case the
technique is far from being implemented in practice.
In this task, the project will explore the challenges of including MIMO into the procedures for
non-orthogonal transmissions (such as code and modulation selection, or beamforming
configuration) as well as the support for some level of feedback information that improves current
multicast/broadcast services in cellular systems. We next describe some candidate techniques, the
first group following a non-orthogonal transmission approach, whilst the second group considers
including acknowledgments and HARQ processes.

3.3.2 Enablers
3.3.2.1

Non-Orthogonal Transmissions in MIMO settings

Two different non-orthogonal schemes are being investigated to improve transmissions in MIMO
settings. First, we investigate the adoption of solutions based on beamforming that exploit the
users’ spatial characteristics, considering the joint transmission of multicast and broadcast
services by means of beamforming with super-position coding with the aim of improving as the
reference LTE eMBMS. Figure 3-26 illustrates this concept: the eNB transmits the broadcast
stream (yellow) target to all users whereas multicast streams (blue and red) represent the multicast
streams only intended for each individual cluster of users. These streams share the same frequency
and time resource elements.
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Figure 3-26 : Orthogonal multiplexing of broadcast and multicast transmissions concept. The yellow stream is conveyed
to all users, whilst blue and red streams are only devoted for individual cluster of users.

This approach poses some challenge to the beamforming design since overlapping
omnidirectional and directional spatial beamformers using the same frequency-time resources
increases the interference between the streams. To address this challenge we consider
superposition coding for the joint reception of the broadcast and multicast information. In
particular, we analyze different approaches depending on the availability or not of CSI at the
transmitter:


Without CSI: we consider orthogonal and equally spaced beams generated in order to
sectorize the cell. In this case, clusters are automatically generated from the geographical
position of each user.



With CSI: users may report which multicast stream they are linked to. Therefore, the eNB
may group them by the same beam. Grouping different densities of users causes different
angle spreads at each beam. The main focus will be on the precoder design and
implementation aspects such as feedback requirements to evaluate different optimization
criteria: equal throughput between multicast groups, outage inside the same multicast
group, fairness between multicast groups, etc.

Finally, we investigate physical layer techniques focusing on coding-based solutions. That is,
explicitly considering channel coding into the problem. As reviewed earlier superposition coding
with random Gaussian codebooks achieves single antenna channel capacity. However using
practical channel coding schemes and finite-size constellations can obtain performance close to
capacity. For MIMO schemes approaches combining space-time coding and hierarchical
modulation [SH2012a][SH2012b] have shown throughput gains. Although, for space-time coding
MIMO schemes to be applicable orthogonal waveforms are required, constraining the air interface
design. An alternative approach is to consider multilevel coding (MLC) and spatial multiplexing.
The approach was presented in [PNI2014] and evaluated for DVB-T2 LDPC codes, showing the
potential gains of applying this non-orthogonal transmission scheme in the high/low priority
stream multiplexing framework. With MLC there is finer granularity in exploiting channel
diversity as opposed to the power allocation approach in NOMA. For instance, for channel
realizations where channel gain and noise between high and low priority streams are similar,
NOMA with SIC suffers from error propagation and fails to separate the streams. However, MLC
technique with proper decoding schemes implemented can overcome such limitation [PN2014].
This scenario is relevant to users serviced by overlapping beams where received signal strength
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from each beam are similar (SNR gap between users is small). An additional advantage of MLC
schemes we intend to explore is the benefits of non-binary processing in multiple antenna settings
where direct mapping of coded symbols to a vector channel be exploited by the demapper in terms
of coded modulation capacity. Other advantage of practical relevance is the fact that the number
of different code rates that need to be optimized per sub-stream can be reduced.
Hence we are exploring the use of powerful channel coding schemes together with spatial
multiplexing MIMO settings to increase system capacity by sharing time and frequency resources,
analyzing design aspects such as rate selection or different decoding strategies.
Annex F includes preliminary results for different combinations of MIMO and non-orthogonal
approaches.

3.3.2.2

Broadcast with acknowledgment

Classical broadcast systems are used to deliver data to users within a geographical area that may
be small or large depending on the cell dimension. Digital Television systems like Digital Video
Broadcasting (DVB) standards support only downlink transmission. For example, DVB second
generation Terrestrial (DVB-T2) the receiver uses the synchronization signal to detect the
presence of a DVB signal, Layer 1 Signalling is used to detect the different programs in the OFDM
signal (called Physical Layer Pipes , PLPs). Once the programs position are known the receiver
starts decoding the programs of interest. The transmitter on the other side is not even aware of the
presence of the receiver. There is no uplink system that allows the use of any positive/negative
acknowledgement. The system is designed from the beginning to be able to reach users on the
cell edge.
Cellular systems like 3G and 4G have broadcast components like MBMS and eMBMS. Unlike
DVB, 3G and 4G systems have the possibility to transmit to a subgroup in the cell using
multicasting. Thus, in this case, the base station is aware of the presence of receivers, but no
uplink transmission is used to report positive and negative acknowledgements. In this case as
well, the transmitter builds on the weakest receivers in the multicast group since the Modulation
and Coding Scheme needs to be low to ensure the correct reception of all the packets by all the
receivers.
Since more and more TV terminals are equipped with a broadband connection, a novel
Redundancy on Demand technique was proposed recently in order to improve the reception of
terrestrial broadcast signals with the help of additional redundancy data [QZR+15]. Depending
on the terminal position and quality of reception, a parallel redundancy transmission on the
broadband connection can help increase the reception quality and the network coverage.
In case of 5G the terminals receiving broadcast/multicast transmission have also broadband (one
to one) connections with the base station. The next possible improvement would be to consider
the uplink to transmit negative acknowledges in case the receiver does not decode the packet
correctly. This can be done by adding one Hybrid Automatic Repeat Request (HARQ) process in
which the first transmission is not in a one to one mode but in a broadcast mode. Once this
broadcast detection fails the NACK is transmitted and HARQ process takes over the
retransmission and decoding of this packet by using incremental redundancy for example. The
advantage of this kind of schemes is that the base station does not need to build on the weakest
receiver in the multicast group as it may be more advantageous to use a higher modulation and
coding scheme even if some of the transmissions need to be repeated for only few users.
An interesting optimization problem can then be considered. It is possible to define a protocol
with two phases: a broadcast phase where all users receive the same packet with the same
modulation and coding scheme followed by a unicast phase. The unicast phase is used only for
users that transmit NACKs.
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We use the ATSC3.0 Modulation and Coding schemes that provide the spectral efficiencies
shown in the Figure below: the MCS range from QPSK with coding rate 2/15 to 4KQAM with
coding rate 13/15.

Figure 3-27 - Spectral efficiency of different MCS in ATSC3.0

We generate 8 random users on each iteration and test all the modulation and coding schemes.
The SNRs are uniformly distributed in the range [-6dB, 34dB] (Note that this is the range of SNRs
in the spectral efficiency of ATSC3.0). For each MCS there is a certain number of users that
transmit NACKS. For those users we retransmit using the highest available MCS that provide
error free transmission. The broadcast time, the unicast time and the total time are shown in the
figure below. SNRs are uniformly distributed in the range [-6dB, 34dB] (Note that this is the
range of SNRs in the spectral efficiency of ATSC3.0 shown in Figure 3-28).

Figure 3-28 : Broadcast, unicast and total time for all users.

We see that the broadcast time is a decreasing function of the MCS number because, as the MCS
increases the spectral efficiency increases and it takes a shorter time for the broadcast content to
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be transmitted. However, the unicast time increases with the MCS because the number of users
that require retransmission increase. We see also that the total time can be optimized by choosing
MCS number 4 (corresponding to QPSK with coding rate 5/15). This shows that the optimization
is possible. In the future we will explore optimization strategies in the cases of fading channels.

3.3.3 Outlook
The study of broadcast techniques will continue either on the signaling part or data part in order
to address the challenges highlighted in the previous section. The application of different MIMO
techniques as well as various redundancy on demand and retransmission schemes will be explored
to evaluate the possible improvements.
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4 Spectral efficiency enablers
In this chapter we explore the different approaches to increase the spectral efficiency of wireless
network by taking advantages of all the degrees of freedom available to the system. Three families
of techniques will be considered: enhanced MIMO with and without cooperation, Network based
interference coordination and Advanced Multiuser detection.

4.1 System level integration of enhanced MIMO with and
without cooperation
4.1.1 DL FDD Baseline interference mitigation framework for
enhanced MIMO + CoMP with Hybrid Beamforming
This work is based on the results from the FP7 project METIS I [METD33] and Artist4G
[ARTD14], where a relatively forward looking interference mitigation framework has been
developed with main building blocks being sketched in Figure 4-1 and being explained further
below. It targets the below 6 GHz frequency range and aims for high spectral efficiency for the
core MBB service supporting time division as well as frequency division duplex (TDD/FDD)
modes in typical urban macro or micro scenarios with inter site distances of about 500m. The
main relevant KPIs are the data throughput per area as well as coverage, while the KPIs latency
and mobility will be addressed by the according frame structure as being developed in WP3
[FAN-D31]. The main use case 1(50 Mbps everywhere) and use case 7 (Dense Urban Society
below 6GHz) are targeted [FAN-D21].
Main ingredients for achieving by factors higher performance compared to a LTE 4x2 MIMO
system are massive MIMO allowing spatial multiplexing of a high number of users per cell, a
centralized joint cooperation over e.g. three adjacent sites or accordingly nine cells, tight
cooperation with small cells and enhanced local area solutions. JT CoMP within such cooperation
areas overcomes intra cooperation area interference. Interference floor shaping based on the
tortoise concept [JMZ+14] in combination with UE sided IRC processing minimizes inter
cooperation area interference.
FANTASTIC-5G should support inherent flexibility and adaptability to many different scenarios,
load conditions, available HW configurations ranging from simple 2x2 MIMO up to massive
MIMO arrays with thousand or more antenna elements so that the above described interference
mitigation framework has to be extended to cases where for example tight inter site cooperation
is impossible or macro only networks are limited in number of antenna elements to e.g. 8x8 or
even 4x4 MIMO. At the same time the goal is to outperform LTE networks with similar HW
configurations significantly and the prospected techniques which will be investigated during the
project are:


Improved reporting schemes based on relevant channel components, i.e., those channel
components being received within a certain power window by the UEs. In combination
with massive MIMO and the grid of beam concept the number of relevant channel
components will be low, similar as the overhead for reporting of the channel state
information (CSI) to the transmitter. In addition it should be very flexible and support
simple LTE PMI alike feedback schemes up to full CSI reporting – even including
channel prediction – for optimum support of future high end JT CoMP and massive
MIMO solutions
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Novel CSI RS design concepts like ‘coded CSI’ reference signals [ZSB16] with the goal
to combine low to moderate reference signal overhead with accurate estimation of all
relevant channel components
Intra site CoMP is the baseline assumption as this can handle already quite a number of
inter-cell interference issues while being implementable without new front- or backhaul
requirements. This may be extended to inter site JT CoMP with accordingly better
interference mitigation capabilities where respective infrastructure is available.
UE sided beamforming/filtering assuming up to 8 UE antennas with the goal to suppress
- where useful - intra cooperation area interference and to optimize the MU MIMO
performance in general
Opportunistic scheduling strategies complementing the above described techniques to get
as close as possible to the case of full inter site cooperation.
Evaluation of inter-eNB signalling support for opportunistic scheduling, interference
floor shaping and other features where needed.
Optimization of the overall framework to dynamic traffic and load conditions with
accordingly fast fluctuating interference conditions within and between cooperation
areas.

The main reference case for performance assessment of the interference mitigation framework
will be full dimension MIMO as being discussed and standardized in current LTE releases. The
main differentiator of 5G compared to LTE is the interference mitigation framework as being
developed in Artist4G and being extended in the METIS I project and which reduced the average
interference floor level by 10 to 15dB [TKJ+15] thereby getting quite close to single cell MU
MIMO performance under the assumption of 64QAM as highest modulation and coding scheme
(MCS). The main challenge for FANTASTIC-5G is to achieve similar behaviour despite several
simplifications for example with deactivation of inter site JT CoMP.
In the next steps it will be checked how far advanced UE receiver algorithms or inter site
coordination schemes may be able to compensate these simplifications.

Figure 4-1 : interference mitigation framework based on CoMP clusters over 3 sites or nine cells

On main - and probably the most important differentiating - ingredient of the interference
mitigation framework is the interference floor shaping, which can be extended for full dimensions
MIMO with beam steering antennas in cellular networks. The goal of the enhanced solution is to
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further improve the spectral efficiency per area in 5G networks for the massive broadband (MBB)
use case.
We distinguish between static and dynamic coordination as follows:
 Static: The elevation angle (down-tilt) of BS sector patterns is changed from one timefrequency resource to the next in a coordinate approach throughout the network to have
adaptive/flexible coverage zones, also called interference floor shaping [TKJ+15].
 Dynamic: Hybrid-beamforming where pre-beamformers are selected dynamically to steer
beams in a coordinated approach between multiple base stations to adapt device and
traffic load in the network [KTC15a].

4.1.1.1

Static Coordination

In this work, we combine full-dimension MIMO (FD-MIMO) systems at the macro base station
(BS) level and introduce small-cells operated at the same frequency band to handle static intercell interference and to improve the area capacity of the network, respectively. We utilize a so
called ’cover shift’ concept - sometimes denominated as super cells [TKJ+15] - which organizes
enlarged cooperation areas among different frequency subbands or time slots. UEs are scheduled
into that frequency subband (cover shift) containing the highest number of strongest interferers
for this UE to maximize their JT CoMP gains. To be precise, we define “cover shift” as a certain
configuration of cooperating cells and sites with different setup in different frequency subbands.
By proper scheduling of users into cover shifts, most user equipments (UEs) are served in the
centre of their best fitting cooperation area and with high probability that the strongest interferers
are part of the selected cover shift. For further details refer to Figure 4-2(b) and Figure 4-2(c).
In combination with FD-MIMO deployments at the macro level, superposition of signal and/or
interference components becomes even more dynamic and has to be coordinated. For that purpose
the cover shift concept from [MET15-D33] might be extended by cell-speciﬁc azimuth and
elevation beamforming. We define in- and outbound beams, where inbound beams direct to the
center of the cooperation area and outbound beams transmit in direction of adjacent cooperation
areas. Using a several degree stronger antenna tilt as well some dB lower Tx-power for outbound
(blue) than for inbound (red) beams one can have simultaneously high coverage at the cooperation
area centre as well as a fast decline of interference power outside of the cooperation area. Due to
the shape of the overall Rx power distribution this concept has been termed tortoise concept
[MET15-D33]. The important note here is that the concept inherently relies on joint transmission
(JT) CoMP to handle the very strong intra- and inter site interference per cover shift. In that sense
JT CoMP within a rather static set of 3 sectors is the main enabler to reduce the interference ﬂoor
over conventional cellular radio systems. In practice, the JT on the effective channels, i.e. red prebeamformers in Figure 4-2(a), will be based on joint, linear precoding schemes. To ﬁnd a suitable
set of users for multiplexing is the task of scheduling, e.g. semi-orthogonal user selection (SUS)
maximizing the sum-rate [YG06].
More details and the complete simulation assumptions can be found in [TKJ+15]. The results in
Figure 4-2 depict the user geometries for the different network conﬁgurations. In particular, Figs.
Figure 4-2 (a)-(c) show the user geometry as a heat map over the coverage area for a conventional
LTE network and for two different coverage shifts using the FD-MIMO based interference-ﬂoor
shaping. Note, the larger areas are the CoMP zones while the backward sectors show a very small
footprint. Overall, it is obvious that we tend to increase the low SINR zones per coverage shift.
This effect is not a drawback it is design feature of the interference-ﬂoor shaping framework.
Based on the given user feedback certain areas will experience huge trafﬁc demands while others
are low trafﬁc areas. Due to the fact that the network can adapt its used frequency and/or time
resources per cover shift certain data rate can always be guaranteed in the network. The results in
Figure 4-2(d) depict the maximum SINR out of all three cover shifts, and the resulting gain shown
as CDF in comparison with a LTE baseline system is shown in Figure 4-2(e). The average gain
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in user geometries attributes to 11 dB while the 20-percentile improves by 13.5 dB in a fully
loaded network! This improves overall spectral efﬁciency dramatically and is an enabler for JT
CoMP in future 5G systems.

Figure 4-2 : User geometry for liquid coverage zones in coordinated 5G networks: comparison of baseline LTE network
with an advanced 5G network using massive MIMO at the base station side to actively shape the inter-cluster
interference. Users in different coverage zones are scheduled on different time/frequency resources. With the concept
of active interference ﬂoor shaping by both azimuth and elevation pre-beamforming, we demonstrate an average gain of
11 dB for user geometries

4.1.1.2

Dynamic Coordination

Originally, the Joint Spatial Division and Multiplexing (JSDM) scheme was designed as a twostage precoding scheme for a single BS [NAA+12]. Recently, we have shown that the joint space
division and multiplexing (JSDM) framework for massive MIMO can be applied to hybrid
beamforming, where antennas are clustered into blocks attached to a single radio-frequency (RF)
chain (see Figure 4-3(a)), for interference coordination between multiple base station sites
[KTC15]. JSDM explicitly distinguishes between pre-beamforming based on long-term second
order channel statistics (covariance matrix) [𝐛1 , … , 𝐛𝑏 ] and precoding based on instantaneous
channel state information 𝐏 shown in Figure 4-3(a) called digital beamforming. In this work we
extend the JSDM framework to multiple base stations in a multi-cell scenario as shown in Figure
4-3(b) and demonstrate that already with a suboptimal solution using a limited set of predeﬁned
ﬁrst-stage precoding vectors a huge portion of the gap between the uncoordinated and single-node
case can be closed. In Figure 4-3(c) the cumulative distribution functions of the SINR for singleBS (blue), uncoordinated (green) and the coordinated (red) JSDM with multiple base stations are
compared. Therein we observe that 60% of the gap between uncoordinated and single BS can be
closed with our approach which is a 3.6 times gain from uncoordinated to coordinated JSDM.
The simulation assumptions and details for the selection of the pre-beamformer [𝐛1 , … , 𝐛𝑁 ] can
be found in [KTC15a]. For the digital precoding matrix 𝐏 regularized zero-forcing per BS is
assumed.
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Figure 4-3 : a) Deployment of hybrid beamforming structure where M antennas are clustered into N groups of B
antennas each attached to a single RF chain. b) Deployment of multi base station (BS) scenario. c) Cumulative
distribution function (CDF) of SINR comparing the uncoordinated the single BS and the coordinated JSDM multiple BS
cases

4.2 Network based interference coordination
Interference mitigation has been widely addressed in LTE / LTE-A. Interference can be addressed
from the terminal side (advanced receivers with interference suppression capabilities) or from the
network side (resource partitioning and inter-cell coordination). For the latter, several 4G
techniques have been proved to provide high performance gains for scenarios with MBB traffic
(e.g. CoMP, ICIC and eICIC [SPJ+15]), and are therefore the baseline for the 5G design. In
FANTASTIC-5G, we aim to investigate several enhancements and new proposals for cases with
MBB and / or MCC traffic (see the summary in Table 4-1).
Table 4-1: Summary of proposed techniques

Scheme

Primary Services

Required specification support

Techniques (DL focus):

MCC & MBB




Inter-eNB signalling
eNB-2-UE signalling

Inter-cell coordination of uplink pilot (reference signal)
sequence configuration

Mainly MBB



Inter-eNB
signaling,
exchange of sequence indices
among cells

Inter-cell coordinated small cell on/off (DL focus)
Primary case includes a centralized network controller
for the small cells, but could also work without such a
centralized entity (but with reduced performance)

MBB




Inter-node signaling
LTE-alike dormant
discovery signal

Inter-cell coordinated rank adaptation
Interference shaping via coordinated pre-coding

MBB & MCC




Inter-eNB signaling
eNB-2-UE signaling

Iterative inter-cell coordinated interference mitigation
with UE measurements feedbacks

MBB




Inter-eNB signaling
eNB-2-UE signaling


Intra-cell power boost

Inter-cell coordinated muting (time-freq)

Inter-cell macro-scopic combining
On-demand proactive and reactive schemes

cell

In the downlink, known techniques like power boost, time and frequency muting and multiconnectivity can be exploited in a dynamic and reactive way to better support the coexistence of
MBB and MCC. Dynamic solutions are important to deal with variable interference, as it is shown
in Appendix A; whereas reactive schemes can better fit multi-service scenarios. This is in contrast
to 4G solutions that are rather static and always oriented towards broadband traffic. These
techniques can be applied separately but also combined by means of proper inter-cell
coordination.
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In the uplink, the problem of pilot interference is especially severe for cell-edge users, as the
power of interfering pilots is comparable to the power of desired pilots. By exchanging sequence
indices among eNBs, a given eNB can reconstruct the sequences used in neighbouring cells
solving the interference problem.
Discontinuous transmission (cell DTX) is a well-known solution to improve the network energy
efficiency by adapting the eNB activity to the traffic variations on a per-TTI basis. The
interference problem arises here when two or multiple neighbouring small cells are activated
simultaneously. The design of an interference aware controller based on fuzzy Q-learning for
managing cell DTX at small cells is one of the goals for this WP.
Another domain for the inter-cell coordination is rank adaptation (RA) mechanisms, where the
rank is selected to maximize the total system throughput. Our goal is to design RA solutions
fulfilling three main criteria, namely: altruism, robustness, and fast convergence.
Interference alignment (IA) attempts to align the received interference from multiple sources in a
subspace of the available receive space, enabling interference suppression. However, IA solutions
are computationally complex, and generally require full CSI at each transmitter end. We
investigate simpler adaptations of IA solutions through inter-cell coordinated transmission.
The last enhancement to 4G ICIC mechanisms concerns the use of machine learning. In particular,
feedback from the UEs (instantaneously or statistically) and exchange of measurement
information among base stations can be used to efficiently perform an interference coordination
mechanism at the network level.

4.2.1 Intra- and inter-cell coordinated power boosting, muting, and
combining
Three well-known techniques for multicell coordination are revisited in Fantastic 5G, namely
time and/or frequency blanking of selected subframes and/or PRBs; power boost/deboost of
selected frequency bands; and macroscopic combining (see Figure 4-4).

Figure 4-4 : Signal and interference coordination techniques

Time blanking of selected subframes is well known from LTE eICIC. In the frequency domain,
LTE ICIC is implemented by not scheduling users in selected PRBs. However, this applies only
to the data channel, i.e. this feature is not applicable to the control channel. 5G in-resource control
signalling presented in opens new opportunities for more effective and flexible time and/or
frequency coordination, applicable jointly to control and data, resulting in improved interference
reduction.
The main principle of power boosting consists of boosting selected frequency bands, whereas
other frequency resources need to have reduced allocated power or even muted to keep the
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nominal power to be constant. The mechanism can work uncoordinated (intra-cell) or coordinated
(inter-cell). To have the power boost and the muting working coordinated, preferred PRBs and
patterns for the data protection can be negotiated among involved cells in order to avoid conflicts
(e.g. one cell is asked to mute PRBs that it is trying to protect at the same time). This negotiation
implies some specific X2 signalling.
Transmitting the same information from different macros has also been used before (e.g.
Multimedia Broadcast Single Frequency Network (MBSFN), CoMP JT, and CDMA soft
handover). We investigate more dynamic and flexible mechanism for macroscopic combining
activated on-demand by the primary cell (PCell) (e.g. only for MCC) and minimizing the
requirements to the UE. The multi-cell data duplication aims at increasing the reliability by noncoherent transmission of the same data from the involved cells. As per the resource allocation,
primary and secondary cell(s) (SCell) can use the same or different PHY resources. Depending
on the selected option, channel conditions from only the PCell or from all the cells involved in
the combination have to be reported from the UE side. For MCC, where the target is to increase
the reliability rather than maximizing the spectral efficiency, avoiding the need for multi-cell CSI
is the preferred option. Moreover, the scheduling grant can be sent only from the PCell or
replicated also in the SCell(s) (Figure 4-5). In the former, the corresponding resources are not
used in the SCell(s). The option with replication is interesting to increase the reliability of control
information, which is usually a must in MCC use cases to fulfil the reliability requirement. In any
case, the CCH has the required information to activate the combination at the UE.

(a)

(b)
Figure 4-5 : Two implementation options for the flexible macro-scopic combining, with PCell and SCell using the same
PHY resources (a) CCH sent only in the PCell ( (b) CCH sent both in PCell and SCell.

The potential gain of the various techniques is illustrated in Figure 4-6, where the SINR gain is
plotted as a function of the Dominant to rest of Interference ratio (DIR). In black the result of
applying a power boost of X dB for MCC users is of course independent of the DIR (intra-cell
technique). The red curves show the combination of such power boost with muting of the
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interfering bands in the neighbouring cells (inter-cell technique). Finally, macro combining of the
two strongest cells is plotted in blue. It is observed that the three solutions have great potential
gains for the beneficiary users, even with low values of DIR, being the combination of signal
boost and interference muting the one that could provide the highest gains under proper
conditions. The next step is to investigate the practical achievable gains with realistic system level
simulations, as well as continuation of the study of the impact for the 5G design in terms of intercell and UE signaling and requirements.

Figure 4-6 : SINR gain of the different techniques

4.2.2 Inter-cell uplink pilot sequence coordination
In systems with factor one frequency reuse, the received pilots (intended for channel estimation)
from a given user will suffer from inter-cell pilot interference when the pilots of users in
neighbouring cells are scheduled on the same time-frequency resources. This problem is
especially severe for cell-edge users, as the power of interfering pilots is comparable to the power
of desired pilots.
Consider a multi-cell system with N subcarriers and K BSs/cells, where a given bandwidth
allocation of L subcarriers is shared by all single-antenna UEs across the cells. UEs in cell k send
phase rotated versions of a sequence sk (known to BS k) in the UL for channel estimation. The
phase-rotated sequences are spread over the L subcarriers in an OFDM manner. A phase rotation
in the frequency domain corresponds to a cyclic shift in the time domain; thus, pilots inside a cell
are separated in time, as done in LTE systems. The pilots of a given user are subject to interference
from users in other cells transmitting their pilots using the same phase rotations as that given user.
Users not transmitting pilots in that symbol slot are silent, i.e., they are not transmitting data as
well. Without loss of generality, we focus on users sending their sequences without any phase
shifts. For our analysis, it is sufficient to consider one BS and one of its receiving antennas. The
received L dimensional frequency-domain signal at one of the antennas reads
K

y   Sk hk  n
k 1

where hk is the frequency-domain L-dimensional CSI vector between the BS and UE k at the
subcarriers of interest, Sk is a diagonal matrix containing the elements of sk on its main diagonal,
and n is the AWGN vector with mean zero and variance σn2 uncorrelated elements.
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We propose exchanging sequence indices (e.g., root indices in the case of Zadoff-Chu sequences)
among BSs so that a given BS can reconstruct the sequences used in neighbouring cells. This
allows a given BS to perform channel estimation for all K UEs simultaneously, thereby effectively
recovering the channel of its desired UE. However, estimation in the frequency domain is not
possible, as the CSI of all UEs corresponds to KL variables, while the observed vector at the BS
has size L. Thus, we perform channel estimation in the time domain. If the channel impulse
response (CIR) of each UE has a maximum of T taps, then y can be written as
K

~
y   Sk Fhk ,td  n
k 1

Where F̃ is obtained from the first T entries of the L rows of the Fourier matrix FN corresponding
to the L subcarriers of interest, and hk,td is the CIR of user k. In OFDM systems, the number of
taps T is smaller than the number of subcarriers L. We use this observation to perform joint
channel estimation. In that case, the BS can jointly estimate the CIR of all UEs if L ≥ KT. Defining



~
~
M  S1F ,..., S K F



and



htd  h1,td ,..., hK ,td
H



H H

where htd contains the stacked CIRs of all UEs, the system equation can be equivalently written
as

y  Mhtd  n
which is a linear system of L equations in KT unknowns. The BS applies the receive MSE filter



G  M H M +  n Chtd
2



1 1

MH

to get the stacked CIR estimate of all UEs hˆtd  Gy. Chtd is the covariance matrix of hk,td. As the
taps of different users are usually uncorrelated, and as the taps of each user are uncorrelated as
well for a wide range of scenarios, Chtd can be replaced by a scaled identity matrix.
In the next steps we will consider sequence selection to further reduce the channel estimation
MSE.

4.2.3 Inter-cell coordinated small cell on/off
Discontinuous transmission (cell DTX) is a well-known solution to improve the network energy
efficiency by adapting the eNB activity at each Transmission Time interval (TTI) to the fast
variation of the traffic [FMM+2011]. In a previous work, we have shown that introducing a user
plane buffer can lead to further energy saving by exploiting the energy-delay trade-off, with a
limited additional complexity in the RAN architecture, [DGS2012]. Moreover, by deploying a
SDN-like controller, it is possible to orchestrate both the small cells and the corresponding
backhaul facilities, which have a large impact on the overall network energy consumption
[DSK+2016]. However, in this context, spikes of interference have been observed when two
neighbouring small cells are activated simultaneously, and large packet error rate losses can be
perceived in scenarios characterized by high data rate requirements. Therefore, in this study, we
aim to investigate interference aware controller for managing cell DTX at small cells. This
framework is described in Figure 4-7.
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Figure 4-7 : Framework of the proposed Interference-Aware DTX

The design of this controller has multiple challenges: first, due to the stochastic environment (fast
fading, interference, packet arrival), it is not possible to describe the controller as a deterministic
optimization problem. Second, due the problem complexity, this controller cannot provide the
simultaneous tight coordination of a large set of small cells. Finally, it is necessary to define how
to reliably capture the inter-cell interference impact without requiring continuous activation of
the small cells.
To deal with the first challenge, we aim to define a controller based on fuzzy Q-learning (FQL),
which exploits 1) the Q-learning capabilities of finding optimal controller in stochastic
environment without requiring a priori models on the behaviour of the stochastic variables and 2)
the fuzzy logic, which enables to simplify the description of the system state and actions.

Figure 4-8 : Message Sequence of the proposed Interference-aware DTX controller.

Figure 4-8 shows the message sequence associated to the proposed scheme. First, the network
controller stores for each UE the Reference Signal Received Power (RSRP), which provides an
estimate of the strength of the signal received from its serving and interference cells. Then, at
each TTI t, based on the activiation decisions at time t-1, on the local queue at each small cell,
and on the stored RSRP level, the controller evaluates the expected (average) interference level
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for each small cell. Finally, according to the interference estimation, the expected cell capacity,
and the queue status at the aggregation node (in terms of cell load and packet time-to-live), the
network controller decides whether a small cell should be activated or refrained. A cost is
associated to each state-action pair (𝒔𝒕 , 𝑎𝑡 ) given by
𝐶(𝒔𝒕 , 𝑎𝑡 ) = 𝑃(𝒔𝒕 , 𝑎𝑡 ) + 𝛽(𝑡𝑥(𝒔𝒕 , 𝑎𝑡 ) − 𝑑(𝒔𝒕 , 𝑎𝑡 ) − 𝑙(𝒔𝒕 , 𝑎𝑡 )),
where 𝑃(𝒔𝒕 , 𝑎𝑡 ) describes the aggregated backhaul (BH) and small cell power consumption,
𝑡𝑥(𝒔𝒕 , 𝑎𝑡 ) , 𝑑(𝒔𝒕 , 𝑎𝑡 ), and 𝑙(𝒔𝒕 , 𝑎𝑡 )indicate the number of bits transmitted, dropped due to the
latency constraints, and lost due to perceived interference. Finally, 𝛽 is a constraint that prioritizes
amongst QoS and power consumption. This function is used by the Q-learning algorithm to learn
the optimal decision strategy for each element of the state space. After convergence, the learning
process stops and the learning strategy is exploited/evaluated.
Figure 4-9 shows the Cumulative Distribution Function (CDF) of the Packet Error Rate (PER)
for different DTX controller and user rate requirements. The baseline DTX corresponds to the
solution without aggregation node and network controller, i.e., the small cell enters in sleep mode
only when it has not data to be sent. The FQL DTX is the controller that does not take into account
the interference level when deciding the activity of the small cells and the associated BH facilities.
Finally, the FQL DTX +ICIC corresponds to the proposed solution.
Results show the proposed solution achieves notable gains with respect to the basic FQL based
controller. Additionally, in medium and high data rate requirement regions, it also outperforms
the baseline DTX scheme. The latter results in very low PER in the low data rate region, simply
because the occurrence of interference collision in this scenario is very low.

Figure 4-9 : CDF of the PER for different DTX controllers.

Finally, Figure 4-10 demonstrates that our solution effectively reduces the consumed energy per
received bit with respect to the classic DTX approach. Note that the enhanced controller does not
further reduce the energy per bit with respect to the FQL DTX (the impact of the PER cannot be
appreciated). In future studies, we will investigate the convergence speed of our solution and we
will evaluate the impact of the latency of different backhaul technologies.
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Figure 4-10 : CDF of the Energy per received bit for different DTX controllers.

4.2.4 Inter-cell coordinated rank adaptation
Multiple transmit and receive antennas can be used to increase the number of spatial channels
between a transmitter-receiver pair and/or to improve the interference resilience property with the
help of receivers, such as the Interference Rejection Combiner (IRC). Coordinated transmitterend interference management techniques, such as rank adaptation (RA), can be applied to
dynamically control the number of interfering streams. Such rank coordination can further
enhance the performance of IRC receivers and improve the spectral efficiency of the overall
network.
State-of-the-art RA algorithms, such as those specified in LTE standards, usually select the rank
that maximizes a given performance metric, e.g., the throughput, at the desired receiver. Such
‘selfish’ RA does not account for the interference generated at other receivers, and hence may
result in adverse sum network performance. Under this work item, we investigate interferenceaware rank adaptation algorithms that seek to strike a balance between egoism (improving the
throughput by transmitting over multiple transmission streams) and altruism (reducing the
generated interference by limiting the number of multiple transmission streams). Such inter-cell
coordinated rank adaptation is found to show promising system performance gains in preliminary
studies involving dense small cell scenarios [MBT+14a].
More specifically, we propose to use the received signal strength measurement to identify the
interfering transmitters (e.g., AP), and the X2 interface to coordinate the transmission rank. The
proposed algorithm considers three main criteria, namely: altruism, robustness, and fast
convergence. Pricing as a control mechanism is used to force the transmitters more altruistically.
Tools from random matrix theory are employed to estimate the post-IRC SINR at the desired
receiver, making the proposed algorithm more robust to interference variations and CSI errors.
Finally, fast-convergence is prioritized over finer accuracy (e.g., via multiple iterations) in order
to fit into the overall 5G framework. Some of the key features of our proposal are:
a) Mean post-IRC estimation: we propose to derive a compact and robust expression for the
expected SINR instead of estimating it as average of the past SINR values, as is practiced
today [MBT+14b].
b) Victim-Awareness via Interference Pricing: a particular user’s contribution to the sum
throughput will be measured through the ‘effective utility’, defined as the difference between
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a particular user’s achievable rate and the estimated loss in the achievable rates of the
interfered users due to the interference generated by this particular user.
Preliminary simulation results involving a densely deployed five-cell network with 4X4 MIMO
configuration indicates that the proposed RA algorithm can provide up to 23% sum network
throughput gain over fixed rank transmission, and about 25% gain over selfish RA algorithms
(see Figure 4-11).
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Figure 4-11 : Sum spectral efficiency for several reference algorithms and the proposed RA.

4.2.5 Inter-cell coordinated interference shaping
Recent work has shown that the sum throughput with multiple co-existing users can scale linearly
with the number of users at high SNR when using a transmission strategy known as interference
alignment (IA). Interference alignment attempts to align the received interference from multiple
sources at a particular receiver by coordinating the transmission across the different users. In this
way, the interference signal lies in a reduced dimensional subspace at each receiver, thereby
enabling complete interference suppression. However, IA solutions are computationally complex,
and generally require full CSI at each transmitter side [APH13].
We propose to investigate simpler adaptations of IA solutions through inter-cell coordinated
transmission (Figure 4-12). The key concept involves each receiver defining a received
interference sub-space over which all the interfered transmitters would try to project the resulting
interference. Information about this interference sub-space has to be broadcasted to all interfering
transmitters. The transmitters are then responsible to shape their transmission such that the
resulting interference signal at each receiver lies in the respective interference sub-space leading
to an IA like solution. With a proper design of the interference-subspace and the precoding
matrices at each transmitter, significant sum throughput gains are expected at reduced complexity
and with only local CSI at each transmitter. However, we can foresee a number of challenges with
our proposed interference sub-space concept. Some examples are:
a) How to optimally design the interference subspace?
b) How to simultaneously align the interference at multiple interfered receivers?
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c) Signal subspace may not always be orthogonal to interference sub-space. As such, the
desired signal may overlap significantly (or partially) with the interference sub-space.
d) There is a need to design the Precoder to balance between aligning interference at
interfered receiver and improving the desired signal at own receiver.

Figure 4-12 : Sketch of the proposed IA solution

4.2.6 ICIC based on enhanced UE measurement feedbacks
5G cellular and wireless networks aim to handle significant growth in data usage, and efficiently
support very large numbers of connected devices with vastly different requirements and
characteristics, including IoT devices and connected vehicles. To address these challenges, it is
foreseen that a variety of advancements at the network, access and physical levels will be used in
5G. In particular, a larger dimension of connectivity is foreseen to be available in the network,
for example, between terminals and networks, as well as among the terminals themselves (e.g.,
Device-to-Device communications).
Machine learning, which explores the study and construction of algorithms that can learn from
and make predictions on data, has been proven to be extremely useful in areas such as pattern
recognition. Not until recently, the use of the machine learning in future cellular network has been
proposed as a promising tool for network optimization and automation [Z+15], in particular taking
into account the vast variety of traffic features and their performance requirements, as well as the
extreme heterogeneity of device capabilities and of communications technologies in future
cellular networks.
To date, only a limited number of ICIC mechanisms considered the use of machine learning in
the literature. In [ALA15], use of random neural network optimization for resource management
and ICIC in LTE uplink was considered, where transmit power of each UE is optimized through
learning such that the achieved bit rate of all uplink users is maximized. In [ACS12], a selforganised resource allocation for LTE pico-cell was considered, where a reinforcement learning
approach was studied to optimize the frequency allocation among the pico-cells. In [GG14], Qlearning, one of the representatives of reinforcement learning, was studied to solve the femto-tomacro interference management problem, where the ‘policy’ chosen to optimize is also based on
transmit power.
In this work, we study how a coordinated network utilizes feedbacks, instantaneously or
statistically, from the UE, as well as how base stations exchange measurements information such
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that the coordinated network can efficiently perform an interference coordination mechanism at
the network level. The work opens a lot of possibilities of different feedbacks from the UE and
various mechanisms applied to base stations. Just by way of example, such possible feedbacks
could include QoS and throughput. And the mechanisms applied at the base stations could include
optimization over time, frequency, and power.

4.3 Advanced Multiuser Detection
4.3.1 Detection
4.3.1.1

Advanced Receiver Design for IDMA and NOMA

Interleave Division Multiple Access (IDMA) [PLW06] was proposed by Li Ping more than ten
years ago. It deploys user-specific interleavers and Parallel Interference Cancellation (PIC) to
iteratively detect and decode the multiple users. It is demonstrated in [PLW06] that IDMA is
capable of accommodating and separating more than 40 users simultaneously even with single
receive antenna, if Channel State Information (CSI) of multiple signal layers are all perfectly
available at the receiver. The earlier Radial space-Division Multiple Access (RDMA) [SCH10]
system schedules users with distinguishable distance-to-BS (BS: Base Station) in radial division
and yields straightforwardly distinguishable Signal-to-Interference-plus-Noise-Ratio (SINR), in
order to make the deployment of Successive Interference Cancellation (SIC) possible. The RDMA
uplink throughput gain as the sum rate enhancement can reach 60% or even higher, by taking into
account several prerequisites and assumptions. Similarly, Non-Orthogonal Multiple Access
(NOMA) [SKB13] improves the system capacity with SIC technique, and NOMA exhibits
approximately 25% to 35% downlink throughput gain, comparing to Orthogonal Frequency
Division Multiple Access (OFDMA). The performance of both NOMA and RDMA do closely
relate to interference cancellation error avoidance, in principle, the quality of channel estimation.

Figure 4-13 : The generic transceiver structures for 2-user NOMA system (left) and IDMA system (right)

Under this context, let’s consider the following logic. Since the channel estimation is such a
decisive factor for both IDMA and NOMA, a fair comparison for both MA schemes should be on
the basis of a real channel estimation approach. This motivates us to integrate a trellis-based
channel estimator into IDMA and NOMA. In order to enable the trellis-based channel estimation,
a superimposed pilot scheme is introduced, which exploits cyclically repeated spreading
sequences as user-specific superimposed pilots. The superimposed pilots realized as cyclically
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repeated spreading sequences manage to separate the user-specific pilot patterns and provide the
initial channel estimations by exploiting the orthogonality of codes. Then, the trellis-based
channel estimator exploits the superimposed pilots dual-purposely in NOMA and IDMA system,
respectively. The channel estimates can be iteratively improved, during the systematic iteration
mechanism of NOMA and IDMA, by exchanging the soft-out information between the detector
and channel decoder. Throughout our investigation, not only the one-dimensional superimposed
pilots design will be considered for data transmission over time domain, but also the twodimensional superimposed pilots for data transmission in a multicarrier system. In the appendix,
we will provide an application scenario, which exploits IDMA in a Devise-to-Device (D2D)
communication system and exhibits advanced technique of receiver design.

4.3.1.2

Joint Multiuser Detection and Decoding

Multiple access techniques can be categorized into orthogonal and non-orthogonal based on the
way the resources are allocated to the users [WXP06]. In Orthogonal Multiple Access (OMA)
techniques, the users in each cell are allocated the resources exclusively and there is no inter-user
interference, hence, low-complexity detection approaches can be implemented at the receiver to
retrieve the users’ signals. In the current mobile communication systems, OMA techniques have
been adopted, e.g. OFDMA and SC-FDMA. In contrast, in Non-Orthogonal Multiple Access
(NOMA) techniques, all the users can use resources simultaneously, which leads to inter-user
interference. Thus, more complicated Multi-User Detection (MUD) techniques are required to
retrieve the users’ signals at the receiver.
Joint MUD and FEC decoding (MUDD) describes the process of performing both MUD and FEC
decoding. The optimum MUDD can achieve near single-user performance, however, at the cost
of prohibitive computational complexity [GW96]. Generally, the MUD and decoding steps are
separated to reduce receiver complexity. However, this method is not optimal in the sense that
the MUD cannot benefit from the information derived by the channel decoder. Thus, to
approximate the optimal joint detector/decoder, iterative MUD and decoding for NOMA scheme
can be utilized, where the information are exchanged between the MUD and decoder [AXI+14].
A block diagram illustrating the iterative MUDD for NOMA is shown in Figure 4-14.

Figure 4-14 - Iterative MUDD for uplink NOMA scheme.

In the iterative MUDD, the MUD and decoder are implemented with soft-input soft-output (SISO)
algorithms, and operate in an iterative feedback mode whereby the soft-output derived by the
SISO decoder is passed to the SISO-MUD. The channel observation is passed to the SISO-MUD,
which will produce the bits’ Log-Likelihood Ratio (LLR), αk, for each user using the optimum
MAP detector without a-prior information at the first stage. After de-interleaving, the SISO-MUD
output LLRs are passed to the single-user SISO-decoders, which in turn generate an updated bits’
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LLR values βk. These LLR values are re-interleaved and fed back again to the SISO-MUD to
form a-priori information. By omitting the subcarrier index to simplify the notations, the SISOMUD output LLR value for the qth bit of the kth user is given by
𝑝(𝑏𝑘,𝑞 = +1|𝑦)
𝛼𝑘,𝑞 = log (
),
𝑝(𝑏𝑘,𝑞 = −1|𝑦)

∀𝑞 ∈ {1, … , |𝒳|},

where
𝑏𝑘,𝑞 =𝑏

𝑝(𝑏𝑘,𝑞

|𝒳|\𝑞

1
= 𝑏|𝑦) ∝ ∑ exp (− 2 ‖𝑦 − 𝐚𝐡𝑇 ‖2 + ∑ ∑ 𝛽(𝑏𝑗,𝑖 )) , ∀𝑏 ∈ {−1,1}.
2𝜎
𝐿
𝐚∈𝒳

𝑗∈𝒮 𝑖=1

Here, 𝐚 and 𝐡 are the vectors that contain the transmitted symbols and their corresponding
channel gains, respectively. 𝑦 is the channel observation, 𝒳 denotes the constellation alphabet, 𝒮
is the set of users share the same resource with |𝒮| = 𝐿.
Now, we present the BLER and throughput performance of uplink NOMA with two users per
resource block versus Eb/N0 (energy per bit to noise power spectral density ratio) with QPSK
modulation in Figure 4-15 and Figure 4-16, respectively. We adopt the 5 MHz bandwidth LTE
system’s parameters, ITU pedestrian B channel model for generating the fast fading, and a halfrate convolutional code. We compare NOMA with two cases of the OMA system. The first is
OMA with the same modulation order to show how far NOMA is from the single-user
performance. The second is OMA with the same total transmitted bits, i.e. OMA will transmit
twice the number of bits per symbol compared to NOMA technique.

Figure 4-15 - BLER comparison of OMA and NOMA with MUDD.

As can be seen from Figure 4-15, using iterative MUDD significantly improves the performance
of NOMA system by about 4.5 dB at 10-2 BLER with only one iteration. The second iteration can
achieve further improvements at BLER greater than 10-2. NOMA with iterative MUDD achieves
the same performance as the single-user case with the same modulation order (OMA-QPSK). In
other words, the system spectral efficiency can be doubled without increasing the user
transmission power. Also, for the same total transmission rate, NOMA can achieve about 2.7 dB
gain 10-2 BLER compared to OMA (16QAM). We have noticed that, through simulation results
for the considered scenarios, further MUDD iterations didn’t improve the BLER performance. As
shown in Figure 4-16, the system throughput is significantly improved by using NOMA with
MUDD comparing to OMA technique. From the presented results, it can be concluded that the
iterative MUDD with few number of iterations can significantly improve the performance of
NOMA systems.
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Figure 4-16 - Throughput comparison of OMA and NOMA with MUDD.

4.3.1.3
Linear Multi User Detectors for FBMC/OQAM in massive
MIMO configurations
We consider here a Multiple Access Channel consisting of 𝑁𝑇 single-antenna transmitters or user
equipments (UEs) that are received by a base station consisting of 𝑁𝑅 receive antennas. It is
assumed that all the UEs transmit simultaneously using the same spectral resources (physical
resource blocks, PRB), and that they are separately detected at the receiver by exploiting the fact
that they are spatially distributed across the cell. Our objective is to analyse the performance of
different MUD algorithms that are able to operate under massive MIMO configurations, meaning
that both the number of transmit UEs (𝑁𝑇 ) and the number of receive antennas (𝑁𝑅 ) are large but
comparable in magnitude. In order to keep the complexity of the system within moderate limits,
we will restrict our attention to linear MUD configurations.
One of the objectives of this section will be to analyse the behaviour of the employed waveform
as the dimensions of the system scale up. To that effect, we will restrict our attention to
FBMC/OQAM modulations as potential 5G waveform candidates that are currently being
considered in WP3. These modulations have the advantage of providing the highest possible
spectral efficiency in continuous transmission, while ensuring orthogonality under ideal channel
conditions. The analysis carried out here will strongly rely on the asymptotic studies presented in
Annex C of this report, where the output SINR of this type of modulations has been analysed
under the assumption of a relatively high number of subcarriers, denoted by 𝑀. Here, we will
further analyse the behaviour of the SINR, under the assumption that both 𝑁𝑇 and 𝑁𝑅 tend to
infinity at the same rate. This means that the quotient between 𝑁𝑇 and 𝑁𝑅 stays bounded away
from zero and infinity when these two quantities increase without bound.
More specifically, we will consider the output SINR expression as a function of the observed
channel, which will be modelled as a random quantity. Using novel random matrix theory results,
we will characterize the asymptotic behaviour of this random SINR, by providing a deterministic
asymptotic equivalent of this quantity that will depend on fixed (finite) 𝑁𝑇 , 𝑁𝑅 . By this we mean
a deterministic quantity that approximates the random SINR with an error that converges to zero
for increasing 𝑁𝑇 , 𝑁𝑅 . It is worth pointing out that the asymptotic analysis presented here will
only be valid under the assumption that the number of transmit and receive elements are large,
but not as large as the number of subcarriers, that is 1 ≪ 𝑁𝑇 , 𝑁𝑅 ≪ 𝑀. In fact, this describes a
conventional massive MIMO situation where the number of subcarriers is in the order of several
thousands, whereas the number of simultaneous users and receive antennas is around several
hundreds. Note that even if we allow the number of subcarriers to grow without bound, we
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consider a constant subcarrier spacing, meaning that the frequency selectivity of the channel will
not affected in this asymptotic domain.
We will assume an uncorrelated MIMO Rayleigh model, where frequency response of the channel
matrix is described as
𝐇(𝜔) = ∑𝐿𝑙=1 √𝑝𝑙 𝐆𝑙 𝑒 −𝑗(𝑙−1)𝜔
where 𝐿 is the number of taps of the multipath channel, 𝜔 ∈ [0,2𝜋) is the frequency index, 𝑝𝑙 is
the power associated with the 𝑙 th tap, and where 𝐆𝑙 , 𝑙 = 1 ⋯ 𝐿, is a collection of 𝑁𝑅 × 𝑁𝑇
matrices of independent and identically distributed random entries following a zero mean
circularly symmetric standardized Gaussian distribution. Observe that the channel model
accounts for correlation in the frequency domain, in the sense that each realization of 𝐇(𝜔) will
be a frequency selective channel. We are currently incorporating spatial correlation at both
transmitter and receiver, and the effect of correlation will be further analysed in future
deliverables. Note that current results are somewhat unrealistic on the receive side, since it implies
that the different antennas are well spaced, which does not seem to be compatible with a massive
MIMO configuration. However, this simplified scenario will provide an intuitive view of the socalled “self-equalization effect” of FBMC/OQAM modulation [FMD+14].
We have analysed the performance in terms of output mean squared error (MSE) of three different
linear receivers: the Matched Filter, the Zero Forcer and the Linear Minimum MSE receivers. For
these three cases, we have been able to show that the MSE converges to a fixed deterministic
constant independent of the subcarrier index that crucially depends on the average delay and the
delay spread of the channel, respectively defined as
𝐴𝐷 =

∑𝐿𝑙=1(𝑙−1)𝑝𝑙
∑𝐿𝑙=1 𝑝𝑙

,

∑𝐿𝑙=1(𝑙−1)2 𝑝𝑙

𝐷𝑆 = √

∑𝐿𝑙=1 𝑝𝑙

− (𝐴𝐷)2 .

More specifically, we have been able to show that in these three receivers, the output MSE
associated with the 𝑘th subcarrier converges to a constant, in the sense that 𝑀𝑆𝐸(𝑘) − ̅̅̅̅̅̅
𝑀𝑆𝐸 → 0
with probability one, where ̅̅̅̅̅̅
𝑀𝑆𝐸 is a deterministic quantity that depends on the type of receiver
that is employed. For the Matched Filter receiver, we have
2

𝑁
𝑁
𝑁
2𝛼
𝑁
𝑁
̅̅̅̅̅̅
𝑀𝑆𝐸𝑀𝐹 = 𝑃𝑇 [1 − 𝑅 + ( 𝑅 ) ] + 𝜎 2 𝑅 + 𝑃𝑇 21 [(𝐴𝐷)2 + (𝐷𝑆)2 (1 − 𝑅 )] 𝑅
𝑁𝑇

𝑁𝑇

𝑁𝑇

𝑀

𝑁𝑇

𝑁𝑇

2

where 𝜎 is the noise power at the input of the receiver, 𝑃𝑇 is the total transmitted power
(assumed fixed), 𝑀 is the number of subcarriers and 𝛼1 is a waveform specific parameter that is
further analysed in Annex C. Regarding the Zero Forcing receiver, we need to assume that 𝑁𝑅 >
𝑁𝑇 , so that
̅̅̅̅̅̅
𝑀𝑆𝐸𝑍𝐹 = 𝜎 2

𝑁𝑇
𝑁𝑅 −𝑁𝑇

+ 𝑃𝑇

2𝛼1
𝑀2

[(𝐴𝐷)2 + (𝐷𝑆)2

𝑁𝑇
𝑁𝑅 −𝑁𝑇

].

Finally, we may also consider the LMMSE receiver (or generalized ZF) for a specific loading
factor 𝜃 > 0. In this case, the MSE converges to
(1+𝜃)𝑁 𝜌
2𝛼
̅̅̅̅̅̅
𝑀𝑆𝐸𝐿𝑀𝑀𝑆𝐸 = 𝑃𝑇 𝜃𝜌 + 𝑃𝑇 21 [(𝐴𝐷)2 (1 − 𝜃𝜌) + (𝐷𝑆)2 (1+𝜌)2 𝑅

2

𝑁𝑇 −𝑁𝑅 𝜌2

𝑀

]

where 𝜌 = 𝜌(𝜃) is defined as
𝜌(𝜃) =

1
2𝜃

[− (

𝑁𝑅
𝑁𝑇

− 1 + 𝜃) + √(

𝑁𝑅
𝑁𝑇

2

− 1 − 𝜃) + 4

𝑁𝑅
𝑁𝑇

𝜃].

From the above expressions, we can conclude that the MSE (which is mainly caused by ICI/ISI
power per user) in massive MIMO settings converges to a constant value independent of the
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subcarrier index (𝑘). This effect has typically been referred to as the “self-equalization effect” of
FBMC/OQAM [FMD+14], and is directly related to the channel hardening process in massive
MIMO. Furthermore, the asymptotic MSE measures are directly related to the frequency
selectivity of the channel through the average delay and delay spread of the associated model.
Figure 4-17 below represents the MSE associated to a specific channel realization of the ETU
channel model (15 KHz subcarrier spacing) for the three receivers under consideration under two
different configurations of the number of transmit and receive antennas. Apart from the simulated
values averaged over 103 multicarrier symbols (cross markers), this figure also shows the
asymptotic approximations corresponding to the large M approximations as in Annex C (dotted
lines), and the large NT, NR MSE measures presented above (solid lines). Observe, first of all, that
there is a perfect match between the simulated performance and the large M approximations
presented in Annex C. On the other hand, comparing the two plots one can clearly conclude that
as the number of transmit/receive antennas increases, the MSE converges to a uniform value
across the spectrum, which corresponds to the three deterministic values presented above for the
three receivers under consideration.
Asymptotic vs. simulated MSE, SNR=10dB, 2M=512, NT=10, NR=15

Asymptotic vs. simulated MSE, SNR=10dB, 2M=512, NT=30, NR=45
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Figure 4-17 : MSE associated with a particular channel realization (ETU channel model, 15 KHz subcarrier spacing) for
different values of the number of transmit/receive antennas.

4.3.2 Code Design
4.3.2.1
Practical distributed code and relaying function design for
the Multiple Access Multiple Relay Channel
Usage of relays allows the increase of the capacity of a cell (throughput) for a fixed power budget.
Here, the uplink of a cell is considered, and the main target are MBB services. A practical code
design is proposed for a new relaying protocol, coined Dynamic Selective Decode-and-Forward
(D-SDF), in half-duplex slow fading Multiple Access Multiple Relay Channel (MAMRC),
defined as follows:
1. Multiple statistically independent sources communicate with a single destination
with the help of multiple half-duplex relays;
2. The links between the different nodes are independent, and subject to slow fading
and additive white Gaussian noise;
3. Sources and cooperating relays interfere (non-orthogonal transmission);
4. No channel state information at transmitter is available and no feedback is
allowed ( Figure 4-18).
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In D-SDF, each relay individually decides the end of its listening phase and the beginning of its
cooperation phase, based on different source selection rules. In the “waiting all” mode, the relay
decides to switch from listening to forwarding only if it has successfully decoded all the sources,
and in the “waiting at least one” mode, if it has successfully decoded at least one source. Practical
Joint Network Channel Coding (JNCC) schemes at the relays are proposed, as well as the
corresponding Joint Network Channel Decoding (JNCD) algorithms at the relays and destination.
Complete analysis is done in the paper [MVB15].
The quality of service is expressed in terms of Individual Block Error Rate (IBLER), i.e., BLER
for a specific source, and in the chosen example given on Figure 4-19 non-perfect S-R links are
considered in (2,2,1)-Non-Orthogonal Multiple Access Multiple Relay Channel (NOMAMRC),
where the relays are working in “waiting all” mode. The following notation is used on the figure:
𝑖𝑛𝑑
𝑝𝑜𝑢𝑡
is individual outage probability of a source, 𝑅 is a rate (in bits/channel use), 𝛾𝑥,𝑦 denotes the
SNR between nodes 𝑥 and 𝑦, and α is the fraction of the total number of available channel uses
in which relays are in the listening phase. We observe that the proposed coding schemes for DSDF achieve the same diversity order as the one proposed for static Selective Decode-andForward (SDF) and provide additional coding gain, up to 1.5 dB in this case.
In the next steps, we will work to derive the outage information bound conditional on the Dynamic
Selective Decode-and-Forward relaying protocol in the short term. In the long term, we will
consider limited feed-back from destination to sources and relays.

Figure 4-18: (𝑀, 𝐿, 1)-Multiple Access Multiple Relay Channel (MAMRC).

Figure 4-19: IBLER and pind
out of (2,2,1)-NOMAMRC, where R = 2/3 (b./c.u), γs,d = γr,d = γs,r = γr,r̃ = γ. For static SDF,
we chose α = 2/3.
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Code Design for Iterative Multiuser Detection

Non-orthogonal CDMA (in its most general form using user-specific codebooks) can achieve
considerably larger uplink rates than OFDMA in presence of near-far effects. While the corner
points of the rate region can be approached by successive interference cancellation (SIC), other
rate tuples require in general joint detection. Multiuser detection is particularly important if the
resource allocation cannot be perfectly matched to the channels. Possible applications include
V2X scenarios with quickly varying channels or massive MTC, where low-power sensors wake
up and directly transmit their messages.
For iterative receivers it is pivotal that the information transfer characteristics of the multiuser
detector and the channel decoders are matched to each other. The detector characteristic can be
shaped, e.g., by an optimized power allocation, additional spreading, or multidimensional bit
mappings. On the other hand, it is also possible to shape the decoder characteristic, which
provides even more degrees of freedom. In [tBKA04] , LDPC codes were designed for iterative
MIMO detection, and it was demonstrated that they outperform turbo codes by wide margins
when there are more transmit than receive antennas (similar to the case of overloaded multiple
access in the uplink). This approach was directly applied to low density signature (LDS)-OFDM
in [WRI+15] using a single extrinsic information transfer (EXIT) chart for the variable nodes of
all users. However, this does not take into account that the uplink signals are independently
encoded and does not allow to flexibly adjust the rates of individual users. Thus, we propose to
use a multi-edge type design instead.

Figure 4-20 : Iterative receiver structure using repeat-accumulate codes

Repeat-accumulate codes as in [tBK03] are appealing due to their very simple encoding structure.
The corresponding receiver structure is depicted in Figure 4-20. Instead of iterating between the
multiuser detector and all channel decoders in parallel, it is assumed that the decoders are
activated successively according to some schedule. The detector is characterized by a
multidimensional EXIT function considering the a-priori and extrinsic information of every user
individually. The code design is universal in the sense that it can be applied to different nonorthogonal multiple access schemes (e.g., sparse code multiple access (SCMA), IDMA, or LDSOFDM) and multiuser detectors (e.g., message passing or soft interference cancellation).
Furthermore, the code rates can be adjusted by assuming different decoder schedules. In
particular, single-user codes that approach the corner points of the rate region with SIC emerge
as special cases.
Under idealized conditions, each user should spread the information over all resources using a
low-rate code as done, e.g., in IDMA. However, a sparse resource mapping like in SCMA has
several potential advantages in practice. First of all, the complexity of iterative receivers is
reduced due to the smaller number of interfering users on each resource. In addition, varying
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interference conditions on the resources can help to trigger the convergence of iterative detection
(similar to different variable and check node degrees in irregular LDPC codes). Furthermore, the
uplink channels only need to be estimated on the resources occupied by a user, and there exists a
trade-off between diversity and required channel estimation overhead [DKÖ+15]. Hence, we will
explicitly consider the number of resources per user as additional degree of freedom for the overall
system design.

4.3.3 Resource Identification
4.3.3.1
Identifying Multi-User Resource Allocation by Exploiting
Channel Properties
In this framework, we consider a multi-user scenario with spatially distributed users. Each user
transmits complex pilot symbols on exclusive and distributed frequency resources. A single
receiver observes the incoming signal affected by different channels as depicted in Figure 4-21.
However, the spectrum usage and therefore the actual resource map of each user is unknown at
the receiver [WJW+16].

Figure 4-21: Two user scenario with exclusive and randomly distributed OFDM resources. The receiver just observes

In contrast to existing multi-user detection schemes [DBC+14, SBD13], the allocated resources
of each user are non-adjacent and distributed over the frequency domain. We consider the
question, under which circumstances the receiver is able to identify the non-adjacent resources
belonging to the same user. I.e. is it possible to jointly identify the resource allocation map and
transmission channel by exploiting the characteristics of the multipath channel.
The question is slightly related with the edge-detection problem [TG06], which focuses on finding
discontinuities in the frequency domain. Nevertheless, edge-detection is only able to identify
adjacent spectrum enclosed by the discontinuities. To identify the resource allocation, we follow
two considerations: (i) the l1-norm of the (inverse) Fourier coefficients of a continuous piecewise
differentiable function is bounded, iff the function itself is continuous and (ii) the multipath
channel impulse response is sparse [M11]. Thus, we use the l1-norm of the channel impulse
response of all users as an objective function to identify the resource allocation.
The feasibility of the l1-norm as an objective function is investigated by simulations. Therefore,
a 20 MHz cyclic-prefix OFDM-system [3GPP36211] is considered. The receiver is aware of the
transmission alphabet as well the chosen blocksize (adjacent resources allocated by a single user).
Since the evaluation of all possible allocations is computational infeasible, only a well-chosen
subset of allocation is considered. Figure 4-22 presents the results of the feasibility study. The
allocation is successfully identified, if the objective function is selecting the correct resource map
over the other allocations. I.e. the l1-norm of the channel is smallest for the correct allocation
map.
Figure 4-22 shows, that the channel characteristic has an impact on the identification performance.
The EPA channel model has a smaller channel impulse response and achieves better performance
results. Additionally, a larger blocksize and the application of compressed sensing in the form of
basis pursuit denoising are beneficial for the performance.
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Figure 4-22: Comparison of reduced-rank least square (RRLS) and basis pursuit denoising (BPDN) for ITU EPA/EVA
block-fading channel [3GPP36101] for blocksize (BS) one and 16 [WJW+16].

In conclusion, the channel impulse response is a good measure to jointly identify the resource
allocation in a multi-user scenario as well the according channels.

4.3.4 Summary of proposed advanced receivers
The list of advanced receivers proposed in this document is summarized in Table 4-2 . All the
considered receivers are non-linear. The table specifies in which direction the receiver is
applicable (uplink or downlink). Comments on whether the detection/decoding process is simple
or iterative are also provided. Advanced receivers are usually designed with a specific use case in
mind; this is provided in the table below. Finally, remarks on the standardization need to support
these new receivers are also given.
Table 4-2: Summary of proposed advanced receivers

Advanced
Receiver

Direction
(UL/DL)

Iterative/simple

SID

Standardization required?

UL

Iterative
APP
detection or soft
interference
cancellation

V2X,
MMC

Yes (signalling of sparse resource
allocation patterns and channel
codes for iterative detection)

NOMA Uplink

UL

Iterative(Detection/d
ecoding)

MMC

NOMA needs standardization, but
the receiver does not require
particular signalling.

IDMA/NOMA
(Uplink)

UL

Iterative (PIC
turbo chain)

MBB,
MMC

Pilot patterns, Interleaver variants,
messaging
for
interleaver
assignment

Rx for GoB
concept
including
massive MIMO
and JT CoMP

DL

Non-linear artificial
mutual
coupling
beam former

MBB

Yes (signalling of AMC mode)

Compressed
Sensing MultiUser Detection

UL

Mostly
iterative
decision of user
activity, potentially

MMC

Yes, the user separation (MUD) has
to be enabled through standardized
user signatures / pilots, e.g. using

Sparse IDMA
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also
iterative
receivers
with
decoder information
exchange
(turbolike,
belief
propagation-like)
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5 Summary and future work
In this deliverable we have presented several technical contributions to be considered for inclusion
within the upcoming 5G network design. These contributions cover aspects at different layers of
the protocol stack, while being organized within three focal areas: (i) “Context Information and
RRM”; (ii) Advanced Connectivity Options; and (iii) Spectral Efficiency Enablers.

5.1 Context Information and RRM
Within the “Context Information and RRM” area, the focus is on the investigation and proposal
of an all-round air interface resource allocation framework and of service classification techniques
to aid in this RRM. The resource allocation framework tackles different scheduling formats and
user specific control channels for sending the corresponding scheduling grants, while being
capable of offering both orthogonal and non-orthogonal resource allocation. The service
classification techniques apply machine-learning techniques to identify, extract and monitor the
key QoS parameters of the different ongoing services. The output of these service classification
techniques, together with the QoS requirements requested by the higher network layers for each
user and respective service, serve as input to the resource management framework.
The future developments of this area will be focused on the concretization of the different aspects
of the resource allocation framework, as well as extending it to encompass uplink power control,
mobility management and infrastructure based multi-node connectivity. Furthermore, the service
classification techniques will be concretized using the most suitable machine learning technique
and its output serves as input to the resource management framework.

5.2 Advanced Connectivity Options
Within the “Advanced Connectivity Options” area, the focus goes beyond the traditional cellular
downlink and uplink unicast transmissions. In here we consider other more advanced connectivity
options and core services such as Device-to-Device, Massive Access protocols and enablers for
Broadcast/Multicast communications.
For Device-to-Device (D2D) communications to take place, they require mechanisms that enable
proximity discovery as well as communication mode selection (which is in part resource
management and control if the direct D2D communication should take place, instead of the
traditional cellular infrastructure supported communications). Simultaneously, D2D
communications enable the new connectivity concepts that can extend and enhance cellular
connectivity, namely coverage extension (via D2D relaying) and network offloading (via
localized content caching).
For Massive Machine Communications (MMC) to take place, there is the need for efficient access
protocols capable of withstanding a large number of devices contending for network access. These
access protocols are typically classified as random access (where it can take one-stage and twostage approach) or scheduled access. The realization of these access protocols has to cope with
the minimization of the signalling overhead as well as with the physical uncertainties caused by
the inability to synchronize all devices in time and frequency as well as the power control
limitations. Several physical layer and medium access layer techniques have been considered.
The physical layer techniques include multi-user detection using compressive sensing techniques,
collision resolution and harness of interference using physical layer network coding and nonorthogonal access with relaxed time-alignment. The medium access layer techniques include
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coded random access and signature based access, one/two-stage random access and fast uplink
access protocols with a focus on latency reduction.
Finally, for Broadcast/Multicast communications the focus is mainly on the development of
communication protocols that enable efficient delivery of multimedia content, although also
applicable to other services such as software updates, emergency messages, etc. In here nonorthogonal transmissions are enabled via beamforming and multilevel coding and spatial
multiplexing which goes much beyond superposition coding. Furthermore, the use of broadcast
communications integrated with uplink acknowledgement, will enable the retransmission to
devices unable to decode the original broadcasted transmission.
The future work in each of these connectivity options, beyond the study of the impact of physical
layer constraints (such as imperfect power control and synchronization), is to try to combine these
techniques and propose a harmonized solution.

5.3 Spectral Efficiency Enablers
Within the “Spectral Efficiency Enablers” area it is considered, the system level integration of
enhanced MIMO, network based interference coordination and advanced multi-user detection
techniques.
In order to design suitable receiver the work started by analysing the interference characteristics
in different scenarios. In the case of FQAM it was shown that the interference is not Gaussian
which suggests that the design of interference rejection receivers can be possible. A system level
interference was carried out for the MBB case with the conclusion that the same interference is
observed for both macro and small cells.
Progress was made in Advanced Multiuser Detection by studying the characteristics of the
distortion in FBMC/OQAM massive MIMO in the case of a Zero Forcing Receiver and
uncorrelated channel model. The identification of multiple users distributed over non adjacent
spectrum by exploiting the channel properties was explored. For Wireless relay networks, the
dynamic selective Decode-and-Forward protocol was studied.
MIMO systems represent another important dimension of the spectral efficiency enablers. In this
regard, a baseline grid of beam concept for interference mitigation was studied. The Asymptotic
analysis was used to study different aspects of MIMO. The asymptotic approach was applied to
come up with performance measurements that can characterize the performance of the MIMO
system under FBMC/OQAM with high number of carriers. Perfect channel estimation and static
channel and channel inversion at the receiver were assumed. An expression of the capacity losses
was derived for Maximum Ratio Transmission with Hardware Impairments under large antennas
regime.
Future work would be to explore further the possible method to increase the spectral efficiency.
In order to do this the study of the interference statistics in an important pillar and will be
developed further by increasing the number of interferers in the case of F-QAM. For the MBB
analysis the goal is to use the findings in order to design efficient receivers. Other interference
analysis will be carried out especially for MMC and MCC.
The study of massive MIMO linear receivers will be pursued by including a degree of channel
correlation in the channel model as well as considering linear receivers like MMSE. The
feasibility of the user detection depending on adjacent spectrum observation will be studied.
For relay networks, the outage analysis of Dynamic Selective Decode-and-Forward in slow fading
wireless relay networks will be carried out with a limited feedback to improve the spectrum
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efficiency. Multiuser receivers will be studied especially low complexity versions that are suitable
for low battery requirements like MTC.
The study on MIMO applications will continue on various topics. A generalized asymptotic
expression that applies to much wider cases for other receiver like MMSE will be targeted. The
design of beamforming for Tx and Rx to combat the interference will be studied. In the case of
hardware imperfections, a signaling concept will be derived to improve the hardware calibration
accuracy.

5.4 Mapping of Contributions to Use Cases and SIDs
In the following table we map the technical contributions of each relevant section in the
deliverable to SID’s and use cases.
Table 5-1: mapping of technical contributions to sections

BMC

Use Cases

V2X

MCC

MMC

MBB

SID

-

X

X

X

X

X

X

X

X
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X

X

X

-

X

X

X

X

X

X

X

X

3.1

T4.3

X

-

X

X

-

X

-

-

-

X

-

-

3.2

T4.3

X

X

X

-

-

-

-

X

-

-

-

-
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-

-

-

-

X

-

-

-

-

-

X

-

4.1

T4.1

X

X

X

X

X

X

X

X

X

X

X

X

4.2

T4.1

X

-

X

X

X

X

-

-

X

X

X

X

4.3

T4.1

X

X

X

X

X

X

X

X

X

X

X

X

UC7

X

UC6

X

UC5

X

UC4

T4.2

UC3

2.1

UC2

Task

UC1

Sec.

Legend:
 Not applicable  Relevant X
Core services List:
 MBB – Mobile Broad Band
 MMC – Massive Machine Communications
 MCC – Mission Critical Communications
 V2X – Vehicular to x Communications
 BMC – Broadcast and Multicast Communications
Use Cases List:
 UC1 – 50 Mbps everywhere
 UC2 – High speed train
 UC3 – Sensor networks
 UC4 – Tactile Internet
 UC5 – Automatic Traffic Control / Driving
 UC6 – Broadcast like services: Local, Regional, National
 UC7 – Dense urban society below 6GHz
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7 Appendices
7.1 Annex A: System-level interference analysis for MBB
traffic
In the following we present various system-level interference results for two different scenarios:
(i) macro-only scenario and (ii) dense small cell clusters (based on 3GPP Rel-12 LTE defined
simulation scenarios) as illustrated in Figure 7-1 [LPS15]. Focus is on MBB use cases, assuming
a commonly used bursty traffic model with Poisson call arrival and finite payload per user.
Simulations are conducted at different offered loads, labeled region 1-3, where region 1
corresponds to low offered load, and region 3 is high offered load. Simulations show that high
offered load corresponds to ~9Mbps/cell for the macro-only case, and to ~85 Mbps/cluster for the
dense small cell cases. Focus is on cases where the offered traffic load is approaching the
maximum system capacity, while the system is still in equilibrium (i.e. no congestion).

Figure 7-1 : Network layout for the simulated macro-only and small cell cluster scenarios

The propagation model follows ITU UMa (Urban macro) for the macro cases, and ITU UMi
(Urban micro) for the small cell cases. The study focuses on the downlink. LTE numerology is
used, assuming OFDMA waveform, simple 2x2 SU-MIMO with rank adaptation, and UEs
MMSE-IRC receivers. Our objective is to present simple interference characterization results that
can serve as input/background for the sub-sequent design of interference coordination and
suppression / cancellation schemes. The macro scenario assumes operation at 2 GHz, while 3.5
GHz is assumed for the small cell scenario.
Additional assumptions for the conducted simulations are as follows:


10 MHz carrier bandwidth



2x2 closed loop SU-MIMO with dynamic rank adaptation.



Dynamic link adaptation and HARQ



Each small cell cluster consists of 10 outdoor small cells, placed within a 50-meter radius.



Users are served by the cell corresponding to highest received RSRP.



Users are not moving during the call duration.

Dissemination level:Public

Page 108 / 142

FANTASTIC-5G



Public Deliverable 4.1.

Payload size per call equals 4 Mbit

The following metrics are investigated:






SINR (signal-to-interference-plus-noise-ratio): Basic measure of receiver experienced
quality.
DIR (dominant-interference-ratio): basic measure of the received power of the dominant
interfering cell versus the rest of the received interference plus noise. This is a useful
measure to e.g. estimate the gain from suppression or cancellation of the dominant
interferer.
Dominant interferer index: The cell index of dominant interferer.
Time-variability: time traces and statistics that measure how often the DIR and dominant
interferer index vary for the users.

Figure 7-2 shows the cdf of the UE experienced SINR at different offered load levels for macro
and small cell cases. As expected, the SINR tends to get worse as the offered load is increased,
i.e. worse SINR for Region 3 as compared to Region 1. The SINR statistics are remarkably similar
for the macro-only and dense small cell cases, when compared at high offered load, although there
are some differences at the lower tails of the SINR distribution.

Figure 7-2 Cumulative distribution function of the UE experienced SINR at different offered loads for macro and small
cell environments.

Figure 7-3 shows the cdf of the experienced DIR. At low offered loads (Region 1), the DIR is
fairly low as many users are mainly noise limited, i.e. low probability of neighboring cells being
active. As the offered load increases, the values of the DIR increase as well. At high offered load,
a DIR larger than 3 dB is “only” experienced with ~20% probability. Those are the cases with
large performance benefits from cancelling/suppressing the dominant interferer. The upper tails
of DIR (at high load) are similar for the macro and small cases, while there are larger differences
at the lower tails of the cdf.
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Figure 7-3 : Cumulative distribution function of the DIR at different offered loads for macro and small cell environments

The plot in Figure 7-4 shows time traces of the DIR from 15 randomly selected users in the small
cell scenario at high offered load. The “length” of time trace for each user corresponds to the call
duration. The plot does not include variations from fast fading. It is generally observed that the
DIR can change rather fast for a user, but there are also cases where a user experience similar
DIR for longer time. Time trace statistics of the DIR for the macro-only scenario look similar,
and is therefore not displayed here.

Figure 7-4 : Time-traces of the experienced DIR for a set of users in the small cell scenario with high offered load

Figure 7-5 shows time traces of the dominant interferer index for a set of randomly selected users
in the small cell scenario at high offered load. The general observation is that the dominant
interferer index is varying less fast as compared to the DIR. For some UEs, the same cell remains
the dominant interferer during the entire call duration. However, notice that user mobility is not
included in these results. Enabling user movement is expected to result in higher variability.
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Figure 7-5 : Time traces of strongest interfering cell IDs for a set of randomly selected users

Figure 7-6 shows the cdf of the time between DIR changes, cause by the user experiencing
different set of interfering cells. The presented results are for high offered load (i.e. region 3). At
the median level (50%-ile), the DIR varies every 8 TTI (8ms), while there is a 10% probability of
experiencing DIR changes every few TTIs (i.e. rapid fluctuations). Again, the statistics are
remarkably similar for the macro and small cell scenarios.

Figure 7-6 : Statistics for number of TTIs between DIR changes

Based on the SINR and DIR statistics, it is possible to estimate the performance benefit from
being able to ideally cancel the dominant interferer. The SINR improvement from cancelling the
dominant interferer is proportional to the DIR and hence the SINR gain from dominant interferer
cancellation is easily obtained. The corresponding gain in throughput can be obtained from the
SINR values by using the Shannon formula. Given these assumptions, Figure 7-7 shows the cdf
of the throughput gain from ideally cancelling the strongest interferer. At low (Region 1) to
medium (Region 2) offered loads, there is modest gain from interference cancellation (expected
as the inter-cell interference first becomes dominant at high loads). At high loads, there is 10%
probability of experiencing 60%-70% gain from ideal interference cancellation. As there are many
users with low DIR, there is ~50% probability of not experiencing noticeable gains from
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interference cancellation of the DI. Similar performance benefits are observed from macro and
small cell scenarios.

Figure 7-7 : Cumulative distribution function of the estimated throughput gain from ideal cancellation of the dominant
interferer.

Given the results presented in Figure 7-7, the following key observations are summarized:
•

The interference is rather dynamic in macro and small cell scenarios with bursty MBB
traffic.

•

For high traffic loads, there is approximately 20% probability of experiencing DIR above
3 dB

•

At the median level (50%-ile), the DIR varies every 8 TTI (8ms), while there is 10%
probability of experiencing DIR changes every few TTIs (i.e. rapid fluctuations).

•

At high loads, there is 10% probability of experiencing 60%-70% gain from ideal
interference cancellation.

•

Similar observations are made for the macro-only and the dense small cell cluster cases.

These observations lead to the following main learning's:
•

Mechanisms to manage/suppress/cancel interference will have to be rather dynamic and
fast adapting to harvest the full benefits (e.g. the case for network-based interference
coordination)

•

As the interference statistics are remarkably similar for macro-only and dense small cell
cases, it indicates that the same interference mitigation techniques are likely applicable
for both scenarios.

It should be kept in mind that the reported results are obtained for LTE numerology, assuming
2x2 SU-MIMO. However, we expect that the general trends for the interference statistics will be
similar for a comparable 5G setting with 2x2 SU-MIMO, such that the presented observations &
learning's are useful when moving forward with our FANTASTIC-5G air interface design.
Known limitations of the presented results are:
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The reported results in this study are not representative for what could be expected in a
5G scenario with massive MIMO at the base stations, and potentially more sophisticated
3D beamforming and interference mitigation mechanisms.

On a similar note, the reported results do not include the effect of potential cross-link interference
as could be experienced in a setting with uncoordinated dynamic TDD between cells (mainly
relevant for small cell cases).
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7.2 Annex B: Interference analysis of FQAM modulation
Frequency quadrature amplitude modulation (FQAM), considered as a combination of frequency
shift keying (FSK) and quadrature amplitude modulation (QAM), can significantly improve
transmission rates for cell-edge users [HSL+14], [HT03]. The mechanism of FQAM is that only
one frequency component (out of MF subcarriers) is active during each transmission period, over
which a QAM symbol (out of the MQ symbols) is transmitted. Information is conveyed by both
the QAM symbol and the active frequency component index. Figure 7-8 shows an example of
FQAM modulation with MF =4 and QPSK modulation (MQ =4). The advantage of FQAM at cell
edge comes from the fact that the statistics of aggregated inter-cell interference (ICI), created by
transmitting FQAM symbols at the interfering base-stations, is non-Gaussian, especially at the
cell-edge. As has been proved that the worst-case additive noise in wireless networks with respect
to the channel capacity has a Gaussian distribution [SC09], one can expect that the channel
capacity can be increased by using FQAM.
MF = 4
MQ = 4

f1

f2

f3

f4

Figure 7-8 : Example of a (4, 4)-FQAM signal constellation

The superiority of FQAM comparing to QAM is coming from the non-Gaussian distribution of
the noise-plus-ICI. It has been shown that the noise-plus-ICI deviates from the Gaussian
distribution in the macro cells environment [HSL+14]. However, it is expected that high dense
small cells will dominate 5G systems. Thus, the noise-plus-ICI for FQAM in high density small
cells scenario is analysed here for the cell-edge users as depicted in Figure 7-9. Simulation
parameters are listed in Table 7-1.

shows the histogram for the real values of noise-plus-ICI at the cell-edge for different
number of cells. Apart from the three BSs case, the total number of BSs is based on the number
of interference rings. The figure shows that in all cases the noise-plus-ICI distribution has much
heavier tail compared to the Gaussian. The peak at the centre of the distribution is more prominent
for small number of BSs (three and seven). The noise-plus-ICI distributions for higher number of
base stations are almost identical. This indicates that even in a highly dense deployment, the noiseplus-ICI distribution for FQAM deviates from the Gaussian distribution. On the other hand,
Figure 7-11 shows the histogram for the real values of noise-plus-ICI at the cell-edge for different
number of cells with QAM modulation. As the figure shows, the histogram of the noise-plus-ICI
perfectly follows the Gaussian distribution. Hence, it is expected that the FQAM maintains its
advantage comparing to QAM in dense deployment scenario.
Figure 7-10
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Figure 7-9 : Scenario for cell-edge noise-plus-ICI analysis with three base-stations
Table 7-1: Simulation parameters

Parameter

Value

Base-station power
Bandwidth
Channel model
Modulation (FQAM)
Modulation (QAM)
Nosie spectral density
Inter-site distance

1 Watt
10 MHz
ITU Pedestrian-B
MF = 4, QPSK
QPSK
-173 dBm/Hz
50m

Figure 7-10 : Histograms of the normalized real values of noise-plus-ICI samples in dense small cells network at the
cell-edge region with FQAM modulation.

Dissemination level:Public

Page 115 / 142

FANTASTIC-5G

Public Deliverable 4.1.

Figure 7-11 : Histograms of the normalized real values of noise-plus-ICI samples in dense small cells network at the
cell-edge region with QAM modulation
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7.3 Annex C: System-level modeling of MIMO
FBMC/OQAM architectures: a link-to-system interface.
The integration of MIMO at the system level imposes the need for an accurate description of the
link layer performance under non-ideal conditions. System level decisions should be made based
on abstraction measures of the physical layer that determine the best strategy that should be
implemented for a given system architecture (centralized vs. decentralized) and channel
conditions. The degree of channel frequency selectivity, mobility effects and channel estimation
errors typically lead to a link performance degradation in terms of signal to interference plus noise
ratio (SINR). This degradation depends not only on the scenario configuration, but also on the
underlying waveform as well as on the type of MIMO processing architecture that is employed at
the transmitter and the receiver.
In this appendix, we will analyse the performance of such transceivers under non-ideal channel
conditions. Our objective is to provide closed-form analytical expressions that predict the
effective performance that is experienced in a practical scenario for a given MIMO configuration,
taking into account channel and waveform effects. We will concentrate on linear MIMO
transceivers for a generic multi-stream transmission, comprising the Multiple Access Channel
(MAC), the Broadcast Channel (BC) and the classical point-to-point MIMO configuration. Both
centralized and decentralized (distributed) MIMO architectures will be taken into account in the
analysis. These expressions are key in order to construct an effective link-to-system interface for
system level simulations.
Regarding the modulation effects, we will consider here a 5G-candidate waveform that is
currently being considered in WP3, namely Filter-Bank Multi-Carrier (FBMC) modulation based
on offset-QAM (FBMC/OQAM) signalling. This modulation has the advantage of providing
orthogonal signalling under frequency flat channel conditions while simultaneously achieving the
maximum spectral efficiency in terms of bits per channel access for continuous transmission.
As for the channel configuration, our objective is to consider a general time-varying frequency
selective MIMO channel matrix 𝐇(𝜔, 𝑡). We will work with a block-fading model, so that one
can consider 𝐇(𝜔, 𝑡) to be approximately constant blocks of several multicarrier symbols, but
generally time-varying for longer time horizons. However, for the sake of simplicity, in this
deliverable we will restrict our attention to static frequency selective channels, 𝐇(𝜔). In other
words, we will assume that channel estimation is performed often enough so that we can consider
it fixed between consecutive channel estimations. The channel frequency selectivity is not
restricted to be mild, in the sense that we will not constrain this study to the common assumption
that models 𝐇(𝜔) as flat within each subcarrier bandwidth. Here, 𝐇(𝜔) may experiment strong
variations in the frequency domain, even within each subcarrier bandwidth. The effect of carrier
frequency offsets and channel estimation errors will not be considered here for simplicity.
The MIMO system performance will be measured in terms of the SINR at the output of the linear
receiver, where the interference power will contain the contribution from the channel nonidealities (essentially, inter-symbol and inter-carrier interference, ISI and ICI). The approach will
be asymptotic in the number of subcarriers (denoted by 𝑀) for a fixed number of transmit and
receive antennas. We will differentiate between mild frequency selective channels, for which a
single-tap per subcarrier processing is sufficient, and strong frequency selective channels, which
require a more elaborate processing architecture.
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Mild channel frequency selectivity
When the channel is mildly frequency selective, we may assume that the linear transceiver
consists of a single precoding/decoding matrix for subcarrier, as illustrated in Figure 7-12 below.
In general terms, the MIMO configuration will consist of 𝑁𝑇 transmitters and 𝑁𝑅 receivers that
support the transmission of a total of 𝑁𝑆 parallel symbol streams. At each subcarrier, these
parallel symbol steams are linearly transformed by an 𝑁𝑇 × 𝑁𝑆 precoding matrix 𝐀(𝜔𝑘 ), where
𝜔𝑘 is the central frequency corresponding to the 𝑘th subcarrier. At the receiver, the demodulated
signals coming from the 𝑁𝑅 antennas are processed by an 𝑁𝑅 × 𝑁𝑆 linear receiving matrix
𝐁(𝜔𝑘 ) . This general formulation describes both the collocated and the distributed MIMO
processing scenarios, in the sense that distributed processing can be achieved by forcing these
matrices to be diagonal.
In order to illustrate the main idea behind the proposed physical layer abstraction mechanism, we
will consider here the simple scenario where the channel matrix is time invariant and perfectly
known at both transmitter and receiver, and assume that precoding, decoding and channel matrices
are such that there is perfect channel inversion, in the sense that 𝐁(𝜔)𝐇(𝜔)𝐀(𝜔) = 𝐈𝑁𝑆 .

Figure 7-12: MIMO FBMC linear transceiver architecture for a mildly frequency selective channel.

In this situation, we can provide an expression of the signal to interference (ICI/ISI) plus noise
power ratio (SINR) at the output of the linear receiver corresponding to the 𝑘th subcarrier as
[MG15], [RMHL16]:
𝑆𝐼𝑁𝑅(𝜔𝑘 ) =

𝑃𝑆
𝑃𝐼 (𝜔𝑘 )+𝑃𝑁 (𝜔𝑘 )

,

where 𝑃𝑆 is the signal power, 𝑃𝑁 (𝜔𝑘 ) is the background noise power at the 𝑘th subcarrier and
𝑃𝐼 (𝜔𝑘 ) the ICI/ISI power, also at the 𝑘 th subcarrier. The background noise power can be
expressed as
𝑃𝑁 (𝜔𝑘 ) =

𝜎2
𝑀

𝑡𝑟[𝐁𝑘𝐻 𝐁𝑘 ],

where 𝜎 2 denotes the total background noise power. As for the ICI/ISI power, one can see that
(under some regularity conditions) it can be asymptotically approximated as [MG16], [RMHL16]:
𝑃𝐼 (𝜔𝑘 ) = 𝑃𝑆

2𝛼1
𝑀2

𝐻

𝑡𝑟 [𝐁𝑘𝐻 𝐇𝑘′ 𝐀𝑘 (𝐁𝑘𝐻 𝐇𝑘′ 𝐀𝑘 ) ] + 𝑃𝑆

4𝛼2
𝑀2

𝑇

𝑡𝑟 [Im[(𝐁𝑘′ )𝐻 𝐇𝑘 𝐀𝑘 ]Im[𝐁𝑘𝐻 𝐇𝑘 𝐀′𝑘 ] ],

where 𝛼1 and 𝛼2 are two modulation-specific parameters, (·)’ indicates the derivative with
respect to the radial frequency 𝜔, and where the subindex 𝑘 indicates the evaluation of the
corresponding matrix at 𝜔 = 𝜔𝑘 . Regarding the values of 𝛼1 and 𝛼2 , they can be computed from
the prototype pulse employed for the FMBC/OQAM modulation. For example, Table 7-2
provides the value of these two parameters for the prototype pulse proposed in [B01], for different
values of the overlapping factor and the number of subcarriers:
Table 7-2: Value of the parameters 𝜶𝟏 and 𝜶𝟏 for the proposed prototype pulse
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Number of subcarriers

𝛼1

𝛼2

K=3

M = 32

2.2068

3.7746

K=3

M = 64

2.2068

3.7745

K=3

M = 128

2.2068

3.7745

K=3

M ≥ 256

2.2068

3.7744

K=4

M ≥ 32

2.1229

3.4927

Overlapping Factor

Observe that the two waveform-specific quantities𝛼1 , 𝛼2 can be regarded as independent of the
number of subcarriers (especially for sufficiently high M). Regarding the derivatives of the
channel and the precoding/decoding matrices, they can be easily computed when these quantities
correspond to Fourier transforms of finite impulse responses (FIR). For example, if the channel
is generated according to a FIR of 𝐿 tap matrices, denoted as 𝐡1 , … , 𝐡𝐿 , namely
𝐿

𝐇(𝜔) = ∑ 𝐡𝑙 𝒆−j𝜔(𝑙−1)
𝑙=1

then, its derivative can be computed as
𝐇 ′ (𝜔) = −j ∑𝐿𝑙=1(𝑙 − 1)𝐡𝑙 𝒆−j𝜔(𝑙−1) .
It turns out that the above SINR formula provides a very accurate description of the performance
of the 𝑘th subcarrier in the above linear MIMO transceiver. Furthermore, one can particularize
the above result to different MIMO architectures (centralized, decentralized, multi-user, etc.) and
transceivers (changing matrices 𝐀(𝜔) and 𝐁(𝜔)). For example, in a multiple access channel with
𝑁𝑇 single antenna users, the precoder is trivially fixed to the identity 𝐀(𝜔) = 𝐈𝑁𝑇 , whereas the
linear receiver can be fixed to be a zero forcer, namely
−1

𝐁(𝜔) = 𝐇(𝜔)(𝐇 𝐻 (𝜔)𝐇(𝜔)) ,
where we have assumed 𝑁𝑅 ≥ 𝑁𝑇 so that the above inverse makes sense. In this situation, we will
observe an output SINR given by
𝑃𝑆
−1
−2
𝐻
2𝛼1
𝑯
𝑡𝑟[(𝐇𝑘 𝐇𝑘 ) ]+𝑃𝑆 2 𝑡𝑟[𝐇𝑘𝐻 𝐇𝑘′ (𝐇𝑘′ ) 𝐇𝑘 (𝐇𝑘𝐻 𝐇𝑘 ) ]
𝑀
𝑀

𝑆𝐼𝑁𝑅𝑍𝐹 (𝜔𝑘 ) = 𝜎2

.

Figure 7-13 below represents the theoretical SINR (given by the above formula) versus the
simulated one in a multi-user MIMO environment with two independent users transmitting
towards a base station equipped with two antennas. The channel realization was obtained from an
Extended Vehicular A (EVA) model with an intercarrier separation of 15kHz. The employed
modulation was an FBMC/OQAM with 512 subcarriers. Observe that the predicted SINR (solid
lines) perfectly matches the simulated one (cross markers) across the whole spectrum. This
justifies the high accuracy of the link layer abstraction formula.
The above asymptotic description provides a very convenient tool to evaluate the performance of
different MIMO settings and flexibly switch between different MIMO options according to the
underlying scenario. One of the objectives of this work will be to generalize the above description
to the situation where the channel experiences time variations, and where the channel inversion
identity 𝐁(𝜔)𝐇(𝜔)𝐀(𝜔) = 𝐈𝑁𝑆 does not hold. The study will provide simple and powerful
performance measures that can be used as link to system mapping interface, as illustrated in what
follows. This interface could then establish some system-level criteria in order to switch among
multiple centralized or decentralized MIMO architectures for each scenario configuration.
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Simulated vs. Predicted SNDR (EVA Channel Model), 15KHz spacing, ZF
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Figure 7-13: Theoretical versus simulated SINR at the output of the ZF receiver in a 2x2 MIMO system, for a particular
EVA channel model realization with 15kHz subcarrier separation.

High channel frequency selectivity
When the channel is highly frequency selective, the performance of the MIMO processing
architecture deployed in Figure 7-12 may not be sufficiently good and more elaborate signal
processing techniques may consequently be needed. In [MG16] a multi-stage processing
architecture was proposed in order to counteract the effect of the strong channel frequency
selectivity. In its simplest form, the technique proposed in [MG16] consists in adding an
additional filterbank that works in parallel with the original one but is constructed using the
derivative of the original prototype pulse. Thanks to the fact that the two filterbanks work in
parallel, no additional latency is added to the system.
The performance of this multi-stage architecture was analysed in detail in [MG16]. Here we will
keep the exposition as simple as possible and focus on the pure spatial multiplexing case with a
zero forcing receiver. In this case, the residual ICI/ISI power at the output of the receiver can be
expressed as:
𝑃𝐼 (𝜔𝑘 ) = 𝑃𝑆

𝛽
2𝑀4

(2)

(2) 𝐻

𝑡𝑟 [𝐇𝑘𝐻 𝐁𝑘 (𝐇𝑘𝐻 𝐁𝑘 ) ]

(2)

where here 𝐁𝑘 is the second order derivative of 𝐁(𝜔) evaluated at 𝜔 = 𝜔𝑘 and 𝛽 is a waveform
specific parameter that depends on the prototype pulse that is employed. Table 7-3 specifies the
value of 𝛽 for the prototype pulse proposed in [B01] and different values of the number of
subcarriers and overlapping factors.
Table 7-3: The value of β for the proposed prototype pulse for different values of K and M
Overlapping Factor

Number of subcarriers

𝛽

K=3

M = 32

22.7417

K=3

M ≥ 64

22.7418

K=4

M ≥ 32

20.4259
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Observe that the residual ICI/ISI power is now much lower than the one obtained above, because
it decays as 𝑀−4 instead of 𝑀−2 . In order to compute the SINR at the output of the advanced
(2)
multi-stage receiver, one should be able to evaluate the term 𝐇𝑘𝐻 𝐁𝑘 in closed analytical form.
Using the fact that 𝐇𝑘𝐻 𝐁𝑘 = 𝐈𝑁𝑇 , it can be shown that
(2)

𝐇𝑘𝐻 𝐁𝑘 = −(𝐇𝑘′′ )𝐻 𝐁𝑘 − 2(𝐇𝑘′ )𝐻 𝐁𝑘′
where 𝐁𝑘′ is in turn the first order derivative of 𝐁(𝜔) at 𝜔 = 𝜔𝑘 , which can be expressed as
−1

𝐁𝑘′ = 𝐏𝑘⊥ 𝐇𝑘′ (𝐇𝑘𝐻 𝐇𝑘 )

− 𝐁𝑘 (𝐇𝑘′ )𝐻 𝐁𝑘
−1

and where we have defined 𝐏𝑘⊥ = 𝐈𝑁 𝑅 − 𝐇𝑘 (𝐇𝑘𝐻 𝐇𝑘 ) 𝐇𝑘𝐻 .
Use of the proposed abstraction mechanism for the link-to-system interface
The analytic SINR formulas provided above can be effectively used in order to define a link-tosystem interface in the system level simulators. The main procedure is as described in Figure 7-14
below. In order to abstract the performance of the link level, the system simulator should generate
a channel response for the time-frequency grid. This channel response would in general depend
on the intercarrier separation, timing synchronization errors, as well as on the channel model that
is employed (EPA, EVA, ETU, etc.). This channel model is an input to the SINR abstraction
formulas presented above. Depending on the type of receiver that is used, this will yield a
collection of values of the SINR in the time-frequency grid.

Figure 7-14: Link-to-system level interface based on the above SINR measures.

The next step consists in generating an effective value of the SINR that provides the performance
for a specific collection of scheduled PRB resources, which support the transmitted codeword. In
order to generate this effective SINR (eSINR), we suggest employing the same methodology as
in traditional LTE systems, based on e.g. the Exponential eSINR Model, or the Mutual
Information eSINR Model [D+05], using the same parameters for the selected MCS. The obtained
value for the effective SINR can be directly used to evaluate a classical FER vs SNR table as in
a conventional link to system interface.
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7.4 Annex D: Performance of Maximum Ratio
Transmission with Hardware Impairments
One of the main challenges in MIMO operation is obtaining accurate CSI at the BS to perform
precoding. TDD systems offer a simple and attractive solution to this challenge as the channel
impulse response in the UL and DL are identical within a given coherence interval---the channel
reciprocity condition---allowing the required CSI at the BS to be estimated via pilots sent by the
UEs in the UL. In practical systems, the transmit (Tx) and receive (Rx) hardware chains at the BS
and at the UEs are part of the UL/DL channels. Thus, the channel reciprocity condition only holds
if the transmit and receive hardware chains at the BS and at the UEs are perfectly calibrated.
Otherwise, there is a mismatch between the UL and DL CSI that leads to performance
degradations.
System Model
The purpose of this study is to investigate the performance of TDD MISO/MIMO systems with
calibration errors (CaEs) at the BS, and will be especially important for massive MIMO systems.
Consider a single-cell scenario where a BS with M antennas serves K UEs with single-antennas.
The relationship between the UL and DL channel matrices with CaEs can be written as HD = HUT
Ψ, where HD, HU, and Ψ denote the KxM DL channel matrix, MxK UL channel matrix, and the
MxM diagonal CaE matrix respectively. The latter is modeled as Ψ = diag(a1 exp(jθ1),…, aM
exp(jθM)), where the CaE amplitude of the lth BS antenna al is N(1,ϵ2) distributed, and the CaE
phase of the lth antenna θl is uniformly distributed on the interval [-θmax, θmax].
The MISO case
In the MISO case, we have hD = Ψ hU. The BS uses the maximum ratio transmission precoder
based on the UL channel vector, i.e., f = hU*/ || hU||2. With zero mean and unit variance Gaussian
data, the achievable rate reads
R = log2 (1 + |hdT f|2 / σ2) = log2 (1 + |hUT Ψ hU*|2 / || hU||22 σ2)
where σ2 is the Gaussian noise power at the UE.
Summary of results
With M >> 1, the achievable rate loss (capacity gap) due to CaEs ΔR = R Ψ=I - R can be
approximated by
ΔR ≈ log2 (θmax2 /sin2(θmax)).
The omitted proof relies on tools from asymptotic analysis and will be presented in future
deliverables. Figure 7-15-a and Figure 7-15-b show analytical vs. simulated results for the cases
θmax = 30º and 45º with ϵ 2 = 0.01. It is observed that MRT is very robust to CaEs and can handle
large CaEs with relatively small performance degradations. Next steps will investigate the
performance in a multi-user scenario with CaEs. The analysis and resulting performance will
serve as a hardware design guideline in realistic TDD systems.
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(a): Scenario θmax = 30º

(b): Scenario θmax = 45º

Figure 7-15 : Asymptotic Vs simulated results of MRT
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7.5 Annex E: Reconsider Multiple Access and D2D
Communications
In Section 4.3.1.1, we briefly compare two candidate Multiple Access (MA) schemes, namely,
Interleave Division Multiple Access (IDMA) [PLW06] and Non-Orthogonal Multiple Access
(NOMA) [SKB13]. As proposed in Section 4.3.1.1, also published in our recent technical paper
[CSW15], we demonstrate the applicability of superimposed pilots for both IDMA and NOMA
to enhance the channel estimation. This is motivated by the expectation to enable and integrate
the IDMA and NOMA concepts into a real wireless communication system.

Figure 7-16: Compare 2-user IDMA to 2-user NOMA: coded BER vs. SNR, mobility 8.1km/h, BPSK

In Figure 7-16 (source [CSW15]), we compare a 2-user IDMA to a 2-user NOMA power
imbalanced system with respect to coded Bit Error Ratio (BER) vs. Signal-to-Noise Ratio (SNR).
The parameter PG specifies a power gap between two users to facilitate Successive Interference
Cancellation (SIC) for NOMA. Meanwhile, we want to study and observe the corresponding
behaviors of IDMA under a power imbalanced scenario.
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Figure 7-17: Application criterion of IDMA and NOMA

According to the numerical results illustrated in Figure 7-16, we are able to roughly provide the
application criterion for IDMA and NOMA, respectively, as depicted in Figure 7-17. Rate
imbalance between two users can be adjusted by the power gap or Modulation and Coding
Scheme (MCS). IDMA is typically appropriate for rate balanced scenario under low SNR. If the
rate imbalance and SNR increase, NOMA turns out to be the convenient option. As demonstrated
in Figure 7-16, the performance gap between IDMA and NOMA is smaller and smaller, if the rate
imbalance becomes dominant. Therefore, after trading off the gain (reduced computational
complexity of NOMA) against the loss (marginal performance gap between IDMA and NOMA
under high rate imbalance and high SNR), NOMA is the rational choice.
The multiple access of next generation should support upcoming technical advances. Relay is one
of them. Relay was recognized as a promising technique to enhance the capacity and coverage of
a cellular system about one decade ago [PWS04]. Recently, Device-to-Device (D2D)
communications is regarded as an important part of Long Term Evolution (LTE) and LTEAdvanced network, which is closely interrelated to the relay technique to balance the efficient
usage of spectrum and manageable interference [DRW09]. As being a perspective for a very near
future, the D2D communications can even replace the conventional architecture of the cellular
network by a so-called device-centric architecture [BHL14]. Being an underlay of LTE-Advanced
network, the major challenges of D2D communications come from interference management
[XLY13], [KLK14] and resource allocation [PHK13], [YDR11]. This motivates us to think about,
whether an appropriate data exchange and detection approach for the D2D communications does
exist, which is applicable under very low SNR, and do not have to sacrifice the capacity of the
cellular network.

Dissemination level:Public

Page 125 / 142

FANTASTIC-5G

Public Deliverable 4.1.

Figure 7-18: A generic scenario for D2D (group) communications

In the generic exploitation scenario depicted in Figure 7-18, after shortly exchanging some control
information with an evolved Node B (eNodeB), a D2D group is established to enable the data
exchange between the User Equipment (UE) 1 and UE 2. A third device UE 3 has to be involved
in, because UE 1 and UE 2 cannot communicate with each other. Apparently, UE 3 serves as a
Relay Node (RN). It detects and decodes the signal from UE 1 and UE 2 with respect to IDMA
or NOMA. Then, UE 3 broadcasts a superposition of both signal streams, and let UE 1 and UE 2
pick out the wanted signal individually. As both links in Figure 7-18(b) and Figure 7-18(c)
establish a two-way relay system, for the convenience of expression, we denote both links as
forward link and backward link, respectively.

Figure 7-19: The transceiver structure for 3-user D2D communications

In Figure 7-19, the generic transceiver model for a 3-user D2D (group) communications is
illustrated. In the forward link, the data d i of i -th user is consecutively processed by the userspecific encrypting, channel encoding, repetition coding, user-specific interleaving and M -QAM
modulation. As shown in Figure 7-18(b) and Figure 7-18(c), the UE 3 serves as decode-andforward relay node. From the view point of physical layer security, UE 3 shares the control
information of UE 1 and UE 2, such as MCS and user-specific interleavers. The knowledge of
Dissemination level:Public

Page 126 / 142

FANTASTIC-5G

Public Deliverable 4.1.

user-specific encryption of UE 1 and UE 2, e.g. scrambling/permutation patterns, are uniquely
shared among themselves. Although the UE 3 can decode both signal streams in the forward link
via a 2-user IDMA transmission mode, the information content is still unknown. In [CSW15], we
investigate the real channel estimation for IDMA and NOMA system and demonstrate its
applicability within an asynchronous environment. For the purpose of simplification, in this
section, the IDMA receiver is assumed to have the perfect forward link channel information, and
we will basically focus on the signal processing in backward link.
In the backward link, both data streams are re-encoded and transmitted in a superposition manner,
after being detected and decoded by UE 3. Without loss of generality, the receiver structure of
UE 1 is depicted in Fig. 2, and that of UE 2 is identical and thus omitted here. The system equation
for the backward link can be represented by

yi( B)  hi( B) 





Es  ( x1( B)  x2( B)e j )  zi( B) ,

where hi( B) denotes the wireless channel response between UE 3 and UE i , with i  1, 2 , and

zi( B) represents the Additive White Gaussian Noise (AWGN) with noise power spectral density

N 0 . Notice that a phase shift e j is applied for x2 with   n and n   . For an arbitrary UE
( B)
( B) j
i , part of the superimposed signal x1  x2 e is known signal, if UE 3 decodes the signal

correctly. In order to prevent this a priori known signal component from being randomly canceled
out and introducing unnecessary ambiguity, the phase shift e j is exploited to guarantee this. To
simplify the presentation, the superscript ( B ) will be omitted throughout the rest part of this
section.
In [HoT99] and [HoL99], Hoeher et al. proposed a channel estimation approach with
superimposed pilot and DPSK, considering per-survivor processing, respectively. In [CtB13], we
verify the concept for MIMO communications, solving some generalized difficulties of the
extension. The literature [HoT99], [HoL99], [CtB13] provide an iterative detection algorithm, to
jointly detect the data and track the channel. The survivor of the so-called per-survivor processing
is the most likely data sequence. The tracked channel is thus invisible, and is neither exploited by
the trellis detector, nor the channel decoder as a priori information. In [CSW15], we manage to
recover the tracked channel within an IDMA or a NOMA system and let the improved channel
estimates further influence the quality of iterative decoding. The superimposed pilots are the
known sequences and occupy a marginal fraction of total transmission power. In our D2D
scenario, we do not have the superimposed pilots. Nevertheless, the trellis-based detection seems
to be applicable as well, for the superposition signal with a known signal component in backward
link, with respect to the principle of per-survivor processing.
Without loss of generality, we construct a trellis with memory length   2 with BPSK
modulation for UE 1 to detect signal d 2 of UE 2. As illustrated in Figure 7-20, for an arbitrary
time instant k , anyone of the four possible states comprises two previously transmitted bits b2,k 1
and b2,k . The state tuple ( b2,k 1 , b2,k ) corresponds to a state ID S k . For the convenience, let us
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again omit the user index i . At time instant k , the corresponding system equation with the
memory  is

yk n  hk n 





Es  ( x1,k n  x2,k n  e j )  zk n ,

with n  1,,  2 .

Figure 7-20: A trellis structure enabling UE 1 to detect BPSK modulated signal from UE 2

hkrn 

x1*,k n  x2*,k n  e  j
x1,k n  x2,k n  e

j 2

yk  n
Es



Thus, the channel for time instant k can be predicted by


hkp   wk n hkrn 
n 1

1



h

n 1

r
k n

where the prediction coefficients are denoted as wk n . Although the optimal prediction
corresponds to Wiener extrapolation, we simply average the reconstructed channels by adopting
wk n  1/ , because the performance loss is typically marginal, according to our experience, if
comparing to Wiener approach with a small memory  . Then the Euclidean distance of the
transition, adopted as the metric, can be obtained as
2


1
hr
k  
yk  Es  ( x1,k  x2,k  e j ) k n .
N0
n 1 

The trellis structure enables the Bahl-Cocke-Jelinek-Raviv (BCJR) algorithm to recursively detect
the signal in a Maximum a posteriori Probability (MAP) manner, by introducing the forward and
backward recursion coefficients  and  , respectively, with the metric increments  k
described above jointly. Notice that the most likely channel prediction will be stored for each
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Current-State, denoted as local survivor. Finally the forward and backward recursions picked out
not only the most likely data sequence but also the channel estimates sequentially, denoted as
global survivor. We will exploit the global survivor as the channel estimates for self-interference
cancellation at the final stage, if the channel estimation turns out to be accurate enough after
several iterations.

Figure 7-21: Iteratively estimate the channel and decode the data for UE 1

As a part of Figure 7-19, Figure 7-21demonstrates the technical details of iterative processing.
First of all, the trellis detector does not have any a priori knowledge of the bit sequence b2 .
( 0)

Hence, based on the soft-output of the trellis detector LTD , the channel decoder can help a lot to
take into account the first time error correction. At l -th iteration, by subtracting the soft-output
l)
l)
L(TD
from the soft-output L(DEC
, the extrinsic information L(el 1) starts to play a role as a priori

information for the trellis detector. Within few iterations, the turbo-effect can be observed even
at very low SNR, which is preferable for D2D communications.
Once the trellis detection is executed, a global survivor of tracked channel response can be
obtained. For the signal processing at lower SNR, the tracked results can be fluctuated, and thus
a filtering operation is required. We adopt the filter length M as half of the coherence time Tc .
It holds

M

Tc
9
1
.


2
64 f D

Finally, after L times iterations terminate, the channel estimation ĥ1( B) is expected to be a more
precise one. This allows UE 1 to cancel out the self-interference and combine the soft-output
L)
IC )
and L(DEC
.
L(DEC
Now, let’s focus on link level simulation and corresponding numerical results. In order to prove
the concept, we adopt BPSK modulation for the simulations. From one side, we target to low
power D2D communications, on the other side, we are also interested in the performance of D2D
communications with certain mobility. Throughout the simulations, three options for the
normalized channel fading rate Ts f D are assumed as to be 103 , 5 103 and 102 . They
corresponds to a mobile terminal with approximately 8 km/h, 40 km/h, and 80 km/h, respectively,
with respect to the LTE system at 2 GHz frequency band with symbol rate Ts  66.67 μs . In
Table 7-4, the parameters of the link level simulation are summarized.
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Table 7-4: Link level simulation parameters

In Figure 7-22, we measure the bit-wise mutual information of the forward and backward link, i.e.
“UE 2 → UE 3 → UE 1”, under an equivalent bit channel, and compute the achievable rate with
different user mobility to quantify the remaining gap to capacity. It can be recognized that the
normalized fading rate Ts f D i.e. user mobility, does not play a role at low SNR values.
Especially, if exploiting a channel codes with code rate from 0.1 to 0.4, the gap to Gaussian
capacity is just 5 dB, and the gap to Single-Input Single-Output (SISO) a posteriori Probability
(APP) detection with perfect channel knowledge is even smaller. Figure 7-22 demonstrates the
nature of the trellis detector applied for D2D communications without taking into account the
iterative processing.

Figure 7-22: Achievable rate vs. Es/N0, for different UE mobility, BPSK
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Figure 7-23: EXIT chart: IA vs. IE, user mobility 8 km/h, BPSK

In Figure 7-23, the Extrinsic Information Transfer (EXIT) chart [tB01] is presented to predict the
performance of the proposed trellis detection algorithm in an iterative receiver. The EXIT chart
specifies the a priori mutual information I A , stemming from an outer channel decoder, and plots
the corresponding extrinsic information I E . In Figure 7-23, we select some SNR values, and
realize that the iterative processing can still work even at very low SNR, e.g. at Eb / N0  0.8 dB
, if an appropriate channel decoder is selected.

Figure 7-24: Channel estimation MSE vs. Es/N0, for different UE mobility with BPSK modulation.
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As the trellis detection is carried out on the Es/N0 basis. In Figure 7-24, the channel estimation
Mean Square Error (MSE) versus SNR Es/N0 is provided, for different user mobility. We present
MSEs of the tracked channel after the 0th iteration h1(B,0) and 1st iteration h1(B,0). Notice that the
turbo-effect starts to play a role between Es/N0 = – 6 dB and – 5 dB, which are very low SNR
values. If we cross check Figure 7-23 with Figure 7-21 again, we realize that the Es/N0 locates
exactly in the near-capacity region between – 6 dB and – 5 dB, which is quite preferred.
Summary: In this section, we embed superposition based multiple access scheme, e.g. IDMA or
NOMA, into a two-way relay based cooperative D2D (group) communication system. In this
cooperative D2D scheme, one UE serves as a relay node, providing two-way relay, and exploits
IDMA to collect and decode the data from the other two UEs in the so-called forward link. In the
backward link, the relay node broadcasts both data streams in a superposition manner. With the
proposed dedicated trellis-based detection algorithm, both UEs manage to pick out the wanted
signal. Through the numerical simulation, we demonstrate the applicability of the system concept.
Although the parameter setting of the system is still simple and primitive, the conclusion is very
insightful. Especially, the signal processing for the forward link and backward link can deliver a
satisfactory performance for very low SNRs. This is exactly the feature that the D2D
communications should have, which makes itself tolerantly coexist with the standard cellular
network.
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7.6 Annex F: Performance of Non-Orthogonal Broadcasting
in MIMO settings
This section illustrates the potential gains achieved by applying the non-orthogonal transmission
techniques in combination with MIMO schemes introduced in Section 3.3.2.1. The performance
is evaluated in terms of average throughput to gain insight in the service quality between broadcast
and multicast streams. Other parameters like outage probability (coverage) will be considered for
final assessment.
These preliminary results compares two approaches for delivering the broadcast message,
intended for all users, and the dedicated message, intended for a group of users. We denote them
as multicast groups. The strategies are referred to as
A. Code-superposition
B. Beam-superposition
By code-superposition we denote the strategy where beam design is driven by the multicast
streams, with M directive beams, and the broadcast stream is conveyed within each beam jointly
with the multicast stream by means of superposition coding. Whereas by beam-superposition we
denote the strategy where an omnidirectional beam is dedicated for broadcast transmission and
additional directive beams convey each of the multicast streams.
Numerical results are obtained by means of simulations with parameters specified in Error! R
eference source not found.. The scenario assumes 200 users, distributed uniformly between a
region of 180º and 2 km cell-radius. We consider a configuration where the UEs and the BS have
the same number of antennas, 4 in this case. The rest of parameters are inspired on LTE.
Table 7-5: Simulation parameters for investigating the application of Non-Orthogonal Broadcasting in MIMO settings.

Transport Block Size 2048 bits (typical for HD-TDT)
𝑵𝑹 × 𝑵𝑻

4x4

# Users

200

Carrier

1.9 GHz

Bandwidth

5 MHz

Channel Coding

LTE Turbo Codes (R=1/3)

Constellation

QPSK

Noise figure

-90 dBm/Hz

Channel model

Rice channel, without mobility

RX Filter

MMSE

The strategy is envisioned to allow for system reconfiguration. However its dynamics will depend
on the system feedback design. We start considering approaches with configuration at large-time
scale, which allows reconfiguration in terms of the number of beams (streams) to service. Such
approach assumes only basic user channel state information is available to the BS, where power
allocation parameter can be optimised but beams are design, for instance, to uniformly cover the
space.

Dissemination level:Public

Page 133 / 142

FANTASTIC-5G

Public Deliverable 4.1.

In particular, for code-superposition the beam pre-coding matrix is designed to uniformly
distribute the 4 beams in 180º coverage. The resulting normalized radiation pattern of each
beam is shown in Figure 7-25: Normalized radiation pattern and UE spatial distribution for code-superposition.
. Each of the multicast groups is represented by a different color. Crosses denote spatial user
distribution within the cell. Each beam conveys a superposition of the broadcast and dedicated
multicast stream. A simplified signal model is introduced next for the ease of exposition.
Let’s 𝑥0 denote the broadcast message, 𝑥𝑚 the m-th multicast message and 𝛼 the power
distribution between the broadcast and multicast code-superposition signals. The transmitted
signal at beam m can be expressed as
𝐬𝑚 = 𝐛𝑚 (√1 − 𝛼𝑥0 + √𝛼𝑥𝑚 )
and the received signal at user k-th by
𝐫𝒌 = 𝐇𝒌 ∑𝑴
𝒎=𝟏 𝐬𝒎 + 𝐰𝒌

(1)

𝑁𝑟 ×𝑁𝑡

Where 𝐇𝑘 ∈ ℂ
is the channel matrix and 𝐰𝑘 additive Gaussian noise. By expressing the
received signal in terms of broadcast and multicast contributions, Equation (1) can be written as
𝐫𝑘 = 𝐇𝑘 𝐛𝑚′ √𝛼𝑥𝑚′ + 𝐇𝑘 𝐛𝑚′ √1 − 𝛼𝑥0 + 𝐇𝑘 ∑𝑚∈{1,…,𝑀} 𝐛𝑚 √1 − 𝛼𝑥0 + 𝐇𝑘 ∑𝑚∈{1,…,𝑀} 𝐛𝑚 √𝛼𝑥𝑚 + 𝐰𝑘 .
𝑚≠𝑚′

𝑚≠𝑚′

The first and second terms are desired multicast and broadcast signal components, respectively.
The fourth term represents the interbeam interference, while the third term containing broadcast
signal contributions from the other beams can become useful signal if the pre-coding matrix is
known to the receiver or become part of the interbeam interference if not. Hence, depending on
the receiver knowledge the different contributions of the broadcast signal can be treated in a
constructive way or ignored treating them as noise. This feature makes the evaluation of strategies
A and B not straight forward.
Since the preliminary evaluation considers the case where beam vectors (precoding matrix) is
known to the receiver, throughput results are obtained for the case where broadcast components
from other beams contribute constructively. Average throughput per user and multicast group is
depicted in Figure 7-26 for a super-position parameter = 0.6 . The reference scheme, only
broadcast transmission, is denoted by BC* (cyan). For the same given resource allocation, the
non-orthogonal approach is able to convey the additional multicast stream (green) and the
broadcast (blue) without penalizing the later. The results validate the feasibility to orthogonally
multiplex different data at reasonable throughput. In this case, both broadcast and multicast stream
achieves similar throughput 2 × 2 Mbps.
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Figure 7-25: Normalized radiation pattern and UE spatial distribution for code-superposition.

Figure 7-26. Average throughput per stream with code-superposition.

For the beam-superposition the transmitted signal per beam is given by
𝐬𝑚 = 𝐛𝑚 𝑥𝑚
and the received signal at user k-th by (1) but when expressing the received signal in terms of
broadcast and multicast contributions, (1) becomes
𝐫𝑘 = 𝐇𝑘 𝐛0 𝑥0 + 𝐇𝑘 𝐛𝑚′ 𝑥𝑚′ + 𝐇𝑘

∑

𝐛𝑚 𝑥𝑚 + 𝐰𝑘

𝑚∈{1,…,𝑀}
𝑚≠𝑚′

In this case, the first and second term contains the broadcast and multicast useful contributions,
whereas the interbeam interference is characterized by the third term. Under the same simulation
parameters and the assumption of the receiver perfect knowledge of the beamforming matrix, the
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average throughput achieved with this solution is shown in Figure 7-28. We use the same notation
as before. The normalized radiation patterns in this case are depicted in Figure 7-27.
Similar results are observed as in the previous approach. The target 2 Mbps for the broadcast
stream is maintained across users, besides the additional throughput achieved for the multicast
stream, which exhibit similar throughput across the different multicast groups.

Figure 7-27. Normalized radiation pattern and UE spatial distribution for beam-superposition

Figure 7-28. Average throughput per stream with beam-superposition.

The results indicate the feasibility of the two approaches to increase system efficiency for
delivering broadcast and multicast services. The beam-superposition approach involves less
complexity as compared to the code-superposition since there is less parameters to optimize:
precoding matrix as opposed to the precoding matrix and power-related parameter 𝛼. However,
there are other performance metrics such as outage probability (or service coverage) to be
evaluated in order to make final recommendations.
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7.7 Annex G: Random Access scheme with PLNC
processing
This annex provides additional details to the random access scheme with Physical Layer Network
Coding processing. It focusses on the description of the user transmitted packets. Figure 7-29
illustrates a possible realization for four active users. The vertical grid represents each user
transmitted packet at the randomly selected time-slot (horizontal axis). More than one packet in
each time-slot indicates a collision occurs. The frame is marked in blue.
Each user message 𝐮𝑘 = [ 𝑢𝑘,1 , 𝑢𝑘,2 , … , 𝑢𝑘,𝐿 ] is encoded using the channel encoder described
by matrix G, resulting in 𝐜𝑘 = [𝑐𝑘,1 , 𝑐𝑘,2 , … , 𝑐𝑘,𝑁 ] = 𝐮𝑘 𝐆 . Coded symbols are then mapped into
channel symbols denoted by 𝑥𝑘,𝑛 ≜ 𝜇(𝑐𝑘,𝑛 ). The received signal is given by the superposition of
transmitted symbols according to,
𝑦𝑛 = ∑𝑁
𝑛=1 ℎ𝑘,𝑛 𝑥𝑘,𝑛 + 𝑤𝑘,𝑛 ,

𝑤𝑘,𝑛 ~𝒞𝒩(0, 𝑁0 )

where ℎ𝑘,𝑛 are user k channel fading coefficients. For the preliminary results presented in this
section we assume BPSK modulation with 𝑥𝑘,𝑛 ϵ {−1, +1} and a block Rayleigh fading
distribution ℎ𝑘,𝑛 = ℎ𝑘 = |𝛼𝑘 | with 𝛼𝑘 ~𝒞𝒩(0, 𝜎ℎ2 ).
FRAME SIZE Nslots=4

x1,1

u2

x2,1

Active users

u1

u3

u4

x1,2

x2,3

x3,2

x4,1

x3,4

x4,3

Time slots

Figure 7-29 : Random access scheme: 4 users, 2 packets per user per frame

The fact that all users apply the same channel coding scheme allows exploiting the linear property
of channel coding: the sum of code words is equivalent to the encoding of the sum of messages.
Hence, if 𝐮1 , 𝐮2 denote two different messages, the corresponding codewords are 𝐜1 = 𝐮1 𝐆 and
𝐜2 = 𝐮2 𝐆 and by defining 𝐜1+2 ≜ 𝐜1 + 𝐜2 leads to
𝐜1+2 = 𝐮1 𝐆 + 𝐮2 𝐆 = (𝐮1 + 𝐮2 )𝐆
Note that this equivalence does not hold for channel symbols,
𝐱1+2 ≜ 𝐱1 + 𝐱 2 = 𝜇(𝐮1 𝐆) + 𝜇(𝐮2 𝐆) ≠ 𝜇((𝐮1 + 𝐮2 )𝐆)
This has implications in the way interference cancellation may be applied.
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Taking advantage of this channel coding linear property is one of the main principles of the
scheme [CAI+13] which allows to build a linear system of equations given by,
𝐂̂ = 𝐀𝐔
where 𝐔 = (𝐮1 , 𝐮2 , … , 𝐮K )T is the matrix of unknown messages with 𝐔 ϵ 𝔽𝑞 𝐾×𝐿 , 𝐂̂ ϵ 𝔽𝑞 𝑛𝐼 ×𝐿
contains the decoder output for the correctly decoded codewords, and 𝐀 ϵ 𝔽𝑞 𝑛𝐼 ×𝐾 is the
coefficient-matrix representing linear packet combinations. The linear system of equations can be
solved by matrix inversion or any other standard procedure such as Gaussian elimination.
It is known that if instead of A being defined in the binary finite field 𝔽2 we let the system operate
in a higher order field, the degrees of freedom increase. Therefore being more likely for A to have
higher rank. This idea is behind the so-called method “Seek and Decode” introduced by
[CAI+13]. This technique can be interpreted as a linear precoding before the channel code is
applied, which results in introducing a simple multiplication in the extended Galois Field.
Combining [CAI+13] with physical layer processing [PNC14] results in the coded random access
scheme represented in
Figure 7-30 with a simplified block diagram for the uplink multiple access system.
u1

F2: Fq

Fq: F2

u1,s

ENC,
ENC, G
G

c1,s

μ

x1,s

F2: Fq

Fq: F2

u K ,s

c K ,s
ENC,
ENC, G
G

μ

x K ,s

w
y

...

...

1,s

uK

h1,s

hK ,s

 K ,s
Figure 7-30 : Coded random access block diagram

The coded random access scheme selects the number of transmitted packets per user and
randomly chooses the transmission slots. Generalizing the notation to a Galois field of order q,
(𝐮𝑘 )𝔽𝑞 denotes the non-binary representation of user k binary message 𝐮𝑘 in the Galois field 𝔽𝑞 ,
𝐜𝑘,𝑟 = (𝐮𝑘,𝑟 ) 𝐆 is the codeword associated to the precoded message 𝐮𝑘𝑟 = 𝛼𝑘,𝑟 (𝐮𝑘 )𝔽𝑞 with
𝔽2

𝛼𝑘,𝑠 𝜖 𝔽𝑞 . Note that if the channel encoding is a non-binary channel code the multiplication is
direct (as long as the field order are the same), without requiring explicit translation of binary bits
to non-binary symbols at the precoding stage and vice versa at the encoding stage.
Another important aspect for the design of the coded random access scheme is the benefits it can
achieve from advanced decoding schemes and its impact on the system design. As a starting point
we have evaluated the coded random access scheme on a time-slot level for a short packet
transmission scenario under the assumption of perfect channel knowledge and full knowledge of
user collisions. Perfect error detection is also assumed. These conditions will be relaxed later on
to include feasible user detection and channel estimation mechanisms. Meanwhile, for the short
packet scenario we have selected the NASA LPDC binary channel code [CCSDS][THO13] with
code rate 1/2 and message length of L=64 bits, which have shown good performance for short
packet lengths.
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7.8 Annex H: Integrating 3D Channel and Grid of Beams
for System Level Simulations
The massive MIMO antenna array (mMIMO) and Grid of Beams (GoB) are one of the key
components for 5G to achieve high spectral efficiency and coverage for frequency ranges below
and above 6 GHz, respectively. System level simulations involving mMIMO antenna array
involves handling large matrices, which results in increased simulation time typically up to
several days depending on the size of the antenna array. However, GoB are fixed wideband beams
and the receiver sees only the effective channel which is a combination of the channel and the
GoB. Furthermore, the size of the effective channel matrices are proportional to the number of
beams and is independent of the number of antenna elements. In this section, a method to directly
generate the effective channel based on the 3D channel model, thereby reducing the
computational complexity by a factor of 1000 and correspondingly the memory requirements for
the mMIMO related system level simulations.
System Model
In this section, the system model is introduced. For simplicity of notation we consider a single
link between the base station and the user equipment. The transmitter is equipped with mMIMO
array of antennas e.g. S = 256 antennas [3GPP38913]. The receiver also has multiple antennas,
usually much smaller than the transmitter antennas. Let 𝐡𝑢,𝑠,𝑛 (𝑡) denote the channel coefficient
between transmit antenna s and receive antenna u for channel tap n at time instant t. The grid of
beams (GoB) can be represented by a matrix 𝐖 of size S x B, where B is the number of beams.
Then the effective channel can be represented as
𝑆

𝐡T𝑢,𝑛
𝑒𝑓𝑓 (𝑡)

= ∑ 𝐡𝑢,𝑠,𝑛 (𝑡)𝐖(𝑠, : )

(1)

𝑠=1

The GoB are wideband beams and are fixed for a system level simulation setting. The channel
coefficients are generated based on the 3GPP 3D channel model. Our objective is to obtain a
𝑢,𝑠,𝑛
model to generate the 𝐡T𝑢,𝑛
(𝑡) . In the following, first a brief
𝑒𝑓𝑓 (𝑡) without generating 𝐡
overview of 3D channel model is summarized. Then the proposed system level simulation model
to generate 𝐡T𝑢,𝑛
𝑒𝑓𝑓 (𝑡) is explained.
Overview of 3D channel model:
In this section, an overview of the 3D channel model from [3GPP36873] is given. First the generic
framework of the 3D channel model is presented. Then the steps involved in the generation of the
channel coefficients are briefly summarized.
The 3D channel model [3GPP36873] is a geometry based stochastic model whose parameters are
determined based on statistical distributions obtained through channel measurement. It assumes
multiple paths between the transmitter and the receiver. The line-of-site (LoS) component is also
determined stochastically based on the probability density function tabulated in [3GPP36873].
Each path is defined by number of rays (plane waves) that consitute a cluster. The rays are
characterized by their delay, power, angle-of-departure (AoD) at the transmitter and the angle-ofarrival (AoA) at the receiver. The summation of the contributions of the rays gives the
corresponding multipath component of the channel. The position and number of reflectors are not
explicitly modelled. Therefore, this model covers any number of reflections along a path.
Furthermore, the model is applicable for all scenarios, namely, indoor hotspot, urban micro, urban
macro, rural macro and suburban macro. The statistical distributions to determine the channel
parameters are defined individually for all these scenarios in [3GPP36873].
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Figure 7-31 : Steps involved in generation of 3D channel coefficients

The Figure 7-31 shows the steps involved in generation of channel coefficients based on
[3GPP36873]:








First the user defined parameters namely, scenario type e.g. urban macro, network layout
defining the number of eNB, UEs, their locations and velocities and the antenna
parameters like number of antenna elements, radiation pattern, transmit power, downtilt
etc are specified based on the scenario under consideration.
Once the simulation scenario is fixed, the large scale parameters like LOS/NLOS, delay
spread (DS), angular spread (AS), Ricean K factor, path loss and shadow fading (SF) are
drawn randomly from the distribution functions tabulated in [3GPP36873]. It is to be
noted that the large scale fading and hence, the large scale parameters are defined between
the transmitters and receivers and are independent of the individual antenna elements of
the transmitters or the receivers.
Based on the randomly drawn large scale parameters and the stochastic distribution
functions defined in [3GPP36873], the small scale parameters namely, delays, powers,
AoD and AoA of each rays are obtained randomly. These stochastic small scale
parameters are determined for each ray independent of the antenna elements. However,
the difference in the distance travelled by the plane wave between different antennas leads
a difference in the phase of the corresponding fastfading channel component.
Finally, for each path, the rays at the transmitter side are randomly coupled with the rays
at the receiver side. After the two levels of randomness introduced by the large scale and
small scale parameters, the third level of randomness is introduced by the random initial
phases of the scatterers along each path. Taking into account that the rays with different
AoD / AoA travels different distances to different antenna elements, the summation of
the channel coefficients corresponding to each ray results in the channel coefficient
corresponding to that path.

In the following, first the 3D channel model from [3GPP36873] is introduced. Since the small
scale fading component of the channel remains constant for different antennas, we focus on the
fast fading channel component in the following. Let 𝑃𝑛 denote the power of the nth channel path,
M denote the number rays in a path. Let 𝐹𝑟𝑥,𝑢,θ , 𝐹𝑟𝑥,𝑢,ϕ , 𝐹𝑡𝑥,𝑠,θ and 𝐹𝑡𝑥,𝑠,ϕ denote the field patterns
along the spherical basis vectors, 𝜃̂ and 𝜙̂ of the receive antenna u and the transmit antenna s,
A
respectively. Further let 𝐫𝑟𝑥,𝑛,𝑚 denote the spherical unit vector with azimuth arrival angle 𝜙𝑛,𝑚
A
and elevation arrival angle 𝜃𝑛,𝑚 . Similarly, let 𝐫𝑡𝑥,𝑛,𝑚 denote the spherical unit vector with
D
D
azimuth departure angle 𝜙𝑛,𝑚
and elevation departure angle 𝜃𝑛,𝑚
.
From [3GPP36873], the nth tap of the channel between the transmit antenna s and receive antenna
u at time instant t is given by
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𝑀
T

A
A
𝐹𝑟𝑥,𝑢,θ (𝜃𝑛,𝑚
, 𝜙𝑛,𝑚
)
𝑃𝑛
]
𝐇 𝑢,𝑠,𝑛 (𝑡) = √ ∑ [
A
A
𝑀
𝐹𝑟𝑥,𝑢,ϕ (𝜃𝑛,𝑚 , 𝜙𝑛,𝑚 )
𝑚=1

𝜃𝜃
exp(𝑗𝛷𝑛,𝑚
)
𝜙𝜃

√𝜅 −1 exp (𝑗𝛷𝑛,𝑚 )
[ 𝑛,𝑚

𝜃𝜙

−1
√𝜅𝑛,𝑚
exp (𝑗𝛷𝑛,𝑚 )
𝜙𝜙

exp (𝑗𝛷𝑛,𝑚 )

]

D
D
𝐹𝑡𝑥,𝑠,θ (𝜃𝑛,𝑚
, 𝜙𝑛,𝑚
)
[
] exp (𝑗2𝜋𝜆−1
0 (𝐫𝑟𝑥,𝑛,𝑚 ⋅ 𝐝𝑟𝑥,𝑢 )) ⋅
D
D
𝐹𝑡𝑥,𝑠,ϕ (𝜃𝑛,𝑚 , 𝜙𝑛,𝑚 )

exp (𝑗2𝜋𝜆−1
0 (𝐫𝑡𝑥,𝑛,𝑚 ⋅ 𝐝𝑡𝑥,𝑠 )) ⋅ exp(𝑗2𝜋𝑣𝑛,𝑚 𝑡)

(2)

Here m denotes a ray, 𝜆0 is the wavelength of the carrier frequency, 𝐝𝑟𝑥,𝑢 and 𝐝𝑡𝑥,𝑠 are the
location vector of receive antenna u and transmit antenna element s, respectively, 𝜅𝑛,𝑚 is the cross
polarization power ratio in linear scale, 𝑣𝑛,𝑚 is the velocity of the receiver,
𝜃𝜙

𝜙𝜃

𝜙𝜃

𝜃𝜃
{𝛷𝑛,𝑚
, 𝛷𝑛,𝑚 , 𝛷𝑛,𝑚 , 𝛷𝑛,𝑚 } are the random initial phases for four different polarization
combinations.

It is to be noted that only the radiation pattern of antenna elements and the term representing the
phase difference due to the antenna separation are dependent on the parameter s. For simplicity
in the following the terms that do not involve the index s are replaced by a simple variable leading
to the following equation
𝑀

ℎ

𝑢,𝑠,𝑛 (𝑡)

D
D
𝐹𝑡𝑥,𝑠,θ (𝜃𝑛,𝑚
, 𝜙𝑛,𝑚
)
𝑃𝑛
] 𝐸 ⋅ exp (𝑗2𝜋𝜆−1
= √ ∑ 𝐪T [
0 (𝐫𝑡𝑥,𝑛,𝑚 ⋅ 𝐝𝑡𝑥,𝑠 )) ⋅ 𝐷
D
D
𝑀
𝐹𝑡𝑥,𝑠,ϕ (𝜃𝑛,𝑚 , 𝜙𝑛,𝑚 )

(3)

𝑚=1

T

where 𝐪 denotes the product of the first two terms corresponding to the radiation pattern of the
receiver antenna element and the random initial phases of the rays, E denotes the exponential term
corresponding the antenna element spacing of the receiver and D denotes the exponential term
corresponding to the Doppler shift due to the mobility of the receiver. Substituting (3) in (1) gives
𝑆

𝑀

√
𝐡T𝑢,𝑛
𝑒𝑓𝑓 (𝑡) =

D
D
𝐹tx,𝑠,θ (𝜃𝑛,𝑚
, 𝜙𝑛,𝑚
)
𝑃𝑛
] 𝑒𝑥𝑝(𝑗2𝜋𝜆−1
∑ 𝐸𝐷𝐪T ∑ [
0 (𝐫𝑡𝑥,𝑛,𝑚 ⋅ 𝐝𝑡𝑥,𝑠 ))𝐖(𝑠, : )
D
D
𝑀
𝐹tx,𝑠,ϕ (𝜃𝑛,𝑚 , 𝜙𝑛,𝑚 )
𝑚=1

(4)

𝑠=1

Now let us collect together the terms that involve the transmitter antenna element index s and
denote by
𝑆
D
D
𝐆𝐨𝐁(𝜃𝑛,𝑚
, 𝜙𝑛,𝑚
)

= ∑[
𝑠=1

D
D
𝐹tx,𝑠,θ (𝜃𝑛,𝑚
, 𝜙𝑛,𝑚
)

] exp (𝑗2𝜋𝜆−1
0 (𝐫𝑡𝑥,𝑛,𝑚 ⋅ 𝐝𝑡𝑥,𝑠 )) 𝐖(𝑠, : )
D
D
𝐹tx,𝑠,ϕ (𝜃𝑛,𝑚
, 𝜙𝑛,𝑚
)

(5)

It is to be noted that the radiation pattern of the antenna elements, 𝜆0 and 𝐝𝑡𝑥,𝑠 are fixed for a
given simulation setup. The parameters that changes for different channel realizations are the
angle of departure of the rays in azimuth and elevation dimensions. Therefore, the above 𝐆𝐨𝐁
matrix can be pre-evaluated for all possible elevation and azimuth angles and stored as a look-up
table. In this paper, we name this look-up table as GoB radiation pattern. Now substituting (5)
into (4) results in
𝑀

𝐡T𝑢,𝑛
eff (𝑡)

𝑃𝑛
D
D
= √ ∑ 𝐸𝐷𝐪T 𝐆𝐨𝐁(𝜃𝑛,𝑚
, 𝜙𝑛,𝑚
).
𝑀

(6)

𝑚=1
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For the example mMIMO configuration with 32 beams, 512 antennas at the transmitter and two
antennas at the receiver, the above equation results in the effective channel matrix 𝐡T𝑢,𝑛
eff (𝑡) of
size 1 x 32 which is much smaller than the corresponding 3D channel without GoB which is of
size 1 x 512 leading to a reduction in the number of channel coefficients calculated by a factor of
512 / 32 = 16. Although there exist the overhead for the creation of the GoB look-up table which
is done once per simulation scenario, the overhead is negligible.
Complexity Analysis:
In this section, the computational complexity and the memory requirements of the proposed
simulation model is investigated.

(a): Computational complexity in FLOPs

(b): Storage requirement in Bytes

Figure 7-32 : Computational complexity and storage requirement per channel realization

For the evaluation, we consider urban macro cells with 10 UEs per cell. The eNB has 256 antennas
[3GPP38913]. The UE has 2 antennas. In Figure 7-32(a) the number of FLOPS required to
compute the effective channel of single channel realization. In the reference method the effective
channel is computed in two steps. In the first step, the 3D channel is computed and then GoB
precoder is applied on the 3D channel to obtain the effective channel. The calculation of the
stochastic parameters like large scale and small scale parameters involve the same computational
effort for both the methods and hence, in Figure 7-32(a) only the FLOPS required in the channel
generation step of Figure 7-31 is shown. From Figure 7-32(a) it can be observed the number of
FLOPS required for the proposed simulation model remains almost constant and is 1000 times
smaller than the reference method for the case of 21 cells.
Figure 7-32(b) shows the memory required to store only the effective channel in comparison with
the reference case where the 3D channel is stored. Note that in the proposed simulation model the
GoB matrix needs to be stored as a look up table which results in higher memory requirement
when the number of cells is less than 10. However, with increasing the number of cells the
memory required for the proposed simulation model is smaller than the reference method.
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